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Abstract
The work presented in this thesis is concerned with organic photovoltaic devices 
(OPVs), in particular with the use of multi-wall carbon nanotubes (MWCNT) to 
improve device performance. The initial chapters introduce the subject areas of 
OP Vs, carbon nanotubes (CNT) and experimental techniques.
Within the thesis, it is demonstrated that MWCNT can be utilised as an 
interpenetrating, work function tuneable, electrode in bi-layer OPVs. A remarkably 
low concentration of MWCNT (~1 wt.%) uniformly distributed within the donor 
layer is shown to greatly increase the cell fill factor (FF) without complicating the 
process o f device fabrication. Furthermore, functionalising the MWCNT with polar 
surface groups is shown to be an effective means of modifying the open circuit 
voltage (Voc). This study clearly demonstrates the potential o f this approach to 
significantly increase the power conversion efficiency o f bi-layer OPVs.
We also introduce, a water soluble acid oxidised multi-wall carbon nanotube 
(o-MWCNT)-polythiophene composite for bi-layer OPVs. OPVs utilising this 
nanocomposite material as the donor layer exhibit a ~ 20 % increase in FF and 
commensurate increase in power conversion efficiency as compared to cells without 
o-MWCNT. Crucially o-MWCNT are incorporated into the cell structure using an 
environmentally compatible solvent without complicating the process of device 
fabrication. In this context the MWCNT enhances the conductivity of the donor 
layer, reducing cell series resistance and increasing FF.
The growth of MWCNT directly onto indium-tin oxide (ITO) coated 
aluminosilicate glass via chemical vapour deposition as a large area semi-transparent 
electrodes bulk heterojunction OPV is also described. The rate o f nanotube growth 
on this ternary oxide is shown to be greatly reduced as compared to that on silicon 
dioxide and soda lime glass enabling a high degree of control over CNT height. The 
strong potential of this nano-structured semi-transparent substrate as an 
interpenetrating hole-extracting electrode in bulk heterojunction OPVs is also 
demonstrated.
Combining the work contained in the thesis, a hybrid OPV prototype is 
designed and fabricated, wherein MWCNT grown directly onto ITO coated glass 
function as an air stable cathode which contributes to exciton dissociation.
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1. Introduction
1.1 Background
This Chapter is intended to outline the wider context o f the research 
presented in the thesis, introducing organic semiconductors and the historical 
development o f organic photovoltaic devices (OPVs).
Since the industrial revolution in the latter half of the 18th century, the 
demand for energy has continuously increased. Between 1950 and 2000 the world’s 
energy demand quadrupled and is expected to double once more before 20501. The 
central thrust behind these dramatic increases is the ever expanding global population 
and rapid economic growth of developing countries. Furthermore, with the advent of
# r\
global warming , more energy will be required to keep people cool in summer and 
warm in winter. With the decline of oil, coal and natural gas reserves, and 
international agreements to cut carbon emissions (e.g. Kyoto Protocol), the demand 
for electricity will exceed supply by 2050 unless alternative ways o f generating 
electrical power are realised. As a result, it is imperative that economically viable 
renewable energy technologies are researched and developed. In addition to the 
technological challenges the negative public perception towards renewable energy 
technologies must be addressed. For example, whilst most of the United Kingdom 
population understand and appreciate the need for ‘green’ or ‘renewable’ energy, 
many people are of the “not in my back yard” mentality. This problem is exacerbated
1
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by the high purchase and installation cost for many point of use renewable energy 
technologies. Government schemes in the UK have helped subsidise these costs to 
some extent, although many people remain unaware of such schemes.
One renewable energy technology that is expanding rapidly is the use of 
photovoltaic (PV) cells which convert light directly into electricity using 
semiconducting materials by means o f the photovoltaic effect3. Commercial PV cell 
development initially stemmed from space applications where power generation is 
problematic. The development o f PV cells for terrestrial applications has been a 
major research area since the oil crisis of the early 1970s3.
Whilst the use o f inorganic semiconductors such as silicon remain costly and 
require complex manufacturing methods, organic semiconductors show great 
potential for cost reduction. The cost reductions primarily stem from the low raw 
materials cost and the ability to print organic semiconductors over large areas using 
roll-to-roll fabrication or inkjet printing methods. Furthermore, chemical 
derivatisation is an effective and simple means of tuning energy levels and band gaps 
in organic semiconductors, greatly increasing the versatility o f organic 
semiconductors as compared to their inorganic counterparts. Additionally, the high 
optical absorption coefficients of organic semiconductors means the active layer 
thickness need only be several - 1 0 0  nm in total, minimising material usage. These 
key advantages raise the prospect o f ultra thin OPVs, which can be easily 
incorporated into buildings, clothes and onto other flexible substrates such as plastic.
In practice, the issues of low power conversion efficiency and poor lifetime 
will have to be overcome if  this potential is to become a reality. Calculations on the 
theoretical efficiencies for OPVs suggest comparable values to those of traditional 
semiconductors are achievable4’5. Once power conversion efficiencies of -  10 % are 
realised - which is widely considered the condition for marker entry - it is envisioned 
that problems with device lifetime will be overcome using advanced encapsulation 
methods.
1.2 The development of PV cells
The photovoltaic effect was originally reported by Becquerel6 in 1839 who 
found that exposing silver electrodes to light in a liquid electrolyte produced a
2
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photovoltage. The effect was described further in 1877 by Adams and Day7 and by
1914 efficiencies of approximately 1% had been reported8.
The discovery and explanation of the transistor and p-n junction in 1948 by
1954 the first PV cell was produced by Chapin et al. at the Bell Laboratories10. This 
type of PV cell was made from crystalline silicon and exhibited a power conversion 
efficiency of 6% 10.
PV cells were used in spacecraft applications from as early as 1958 for the 
provision of equipment power. In the early 1970s a general boom in the 
semiconductor market for PV cells occurred as a direct response to the diminishing 
oil resources. By the mid-1970s the need to find alternative types o f fuel was realised 
and PV research and development soared (Figure 1.1). Towards the end of the 1970s 
the use of PV cells for terrestrial purposes was becoming significantly more than for 
use in space applications.
Early research and theoretical predictions identified that a PV cell with a
shown that materials with a band gap in the range of 1.1 to 2.0 eV would perform 
adequately, with the materials absorbing in different regions of the electromagnetic
Shockley, Bardeen and Brattain9 increased interest in semiconductor research and by
Best Research-Cell Efficiencies
www.nrel.gov/ncpvAhin film/docs/kaz best research cells.ppt
0 J 1   1----- 1------1------1------1------- ----1------1 I I___ _ ___I___ I___ >___ :___ I___ I___ I___ l___ I____ _ __ i___ _ ____ __ L
1975 1980 1985 1990 1995 2000
Figure 1.1: Progress o f  research-scale PV device efficiency, under AM  1.5 simulated solar 
illumination for a variety o f  technologies4.
band gap of 1.5 eV would give the optimal performance11. However, it was also
3
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spectrum11. Suitable inorganic semiconductors include silicon, indium phosphide, 
gallium arsenide, cadmium selenide, cadmium telluride and copper indium 
diselenide11. Silicon PV cells (monocrystalline, polycrystalline and amorphous) have 
dominated the market due to relatively low cost and stable properties. Efficient PV 
cells have also been commercially produced from other materials such as gallium 
arsenide where the primary drawback is the associated high cost.
1.3 Organic semiconductors
Conducting conjugated polymers12,13,14 were first reported in the late 1970s 
by MacDiarmid, Shirakawa and Heeger15, who demonstrated the ability to dope the 
conjugated polymer polyacetylene, varying the conductivity over several orders of 
magnitude from insulating to metallic. This discovery was particularly significant 
since it was the first example of a material that could be made to exhibit the electrical 
and optical properties of a semiconductor or metal, whilst preserving the desirable 
mechanical and processing properties of polymers.
Organic semiconductors such as polyacetylene are highly conjugated 
molecules largely composed of carbon atoms12,13,14. The defining structural property 
o f conjugated molecules is the presence along the backbone of alternating single and 
double bonds between the carbon atoms (Figure 1.2(a)). Single bonds comprise a 
localised a bond which forms a strong chemical bond between adjacent carbon 
atoms. Double bonds comprise a o bond and a n, bond where the n is more spatially 
diffuse and is capable of being delocalised. To understand this further it is necessary 
to consider how carbon atoms behave when taking part in chemical bonds. Carbon 
has six electrons, four o f which are valence electrons and two are core electrons 
( ls22s22p2). In graphite and conjugated molecules, hybridisation of the 2s orbital and 
2px and 2py orbitals creates three sp2 orbitals. These three orbitals are directed 
symmetrically in the x-y plane, and form the strong c> bonds to adjacent atoms. The 
unaffected 2p orbital (pz) is perpendicular to the plane of the c  bonds and participates 
in ft bonding with adjacent carbon atoms (Figure 1.2(b)). These delocalised n 
molecular orbitals reside above and below the a  bonded skeleton and % electrons can 
move freely over a range which defines the conjugation length12, n bonds are weaker 
than a  bonds and are responsible for the conduction o f charge in organic 
semiconductors.
4
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The energy level structure of conjugated organic materials can be compared 
to the band structure o f inorganic semiconductors in terms of conduction and valence 
bands, with materials ranging from insulating to semiconducting. Organic 
semiconductors owe these properties to the characteristics of their n molecular 
orbitals, which comprise a bonding k (low energy) and anti-bonding tc* (high energy) 
molecular orbital.
Conjugated segment
(b)
Figure 1.2: (a) Representation o f  a backbone o f  a conjugated polymer showing the repeating pattern 
o f alternating single and double bonds, (b) The atomic orbitals o f  a sp: hybridised carbon atom.
The 7i-orbital is equivalent to the valence band, whilst the higher energy n*- 
orbital is equivalent to the conduction band16. As many carbon atoms are joined to 
form a conjugated molecule many electrons contribute to the ^-system forming 
continuous intramolecular energy bands. The band gap of this system is the 
difference in energy between the lowest occupied molecular orbital (LUMO) and 
highest occupied molecular orbital (HOMO) and is governed to a large extent by the 
number of pz orbitals participating in the tz system; the longer the conjugation length, 
the smaller the band gap. Notably, the conjugation length can be reduced by kinks 
and twists in long conjugated molecules (polymers) which increases the band gap.
In molecular solids such as organic semiconductors, the properties of the 
constituent molecules are largely preserved, hence it is most appropriate to describe 
energy levels in terms o f molecular orbitals. Consequently, the conduction and 
valence bands are most commonly described as the LUMO and the HOMO. Organic
5
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semiconductors are broadly categorised into two groups according to molecular 
weight: namely, small molecules (-500-2000 a.m.u.) and conjugated polymers 
(10000-100000 a.m.u.). The most distinct difference between these two groups of 
molecular materials is the deposition method. Small molecules are normally, 
although not exclusively, deposited by evaporation in vacuum whilst conjugated 
polymers are solution processed. Organic semiconductors have band gaps in the 
region of 1.5-3 eV, rendering them intensely coloured and ideally suited to lighting 
and PV applications.
1.4 Organic photovoltaic devices
In OPVs, incident photons typically give rise to singlet excitons comprising 
electron-hole pairs localised on individual molecules and bound by 0.3 - 1.0 eV. For 
charge to flow, the exciton must be split into its component free charge carriers. It is 
known that exciton dissociation can occur under the influence of:
(i) A high electric field.
(ii) At a defect.
(iii) At an interface with another material having mismatched energy levels 
(heterojunction).
Early OPVs were based upon a single organic layer sandwiched between two
1 <3
electrodes (Figure 1.3(a)). Single layer OPVs rely upon the difference in work 
function between the electrodes (for example, an indium tin oxide (ITO) anode and 
aluminium cathode) to create a built-in electric field sufficient to dissociate excitons. 
Unfortunately, the built-in electric field is typically too small to efficiently separate 
excitons, severely limiting cell efficiency14. This inefficiency is exacerbated by the 
requirement for thin photoactive layers, due to the poor charge carrier mobility in 
amorphous organic semiconductors, which limits the light harvesting capability o f 
the device. Figure 1.3(b) illustrates the charge generation process in a single layer 
OPV under short circuit conditions.
6
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Glass substrate
(a)
(b)
Figure 1.3: (a) Schematic representation o f  a single layer OPV. (b) Energy level diagram showing 
the charge generation process in a single layer OPV under short circuit conditions.
Improvements in device performance were realised with the advent of the bi­
layer device structure, Figure 1.4(a). The bilayer device consists o f two organic 
layers with mismatched HOMO and LUMO energy levels. These two layers are 
described as the donor and acceptor materials. In this system, excitons are 
dissociated at the heterojunction with free electrons transferred to the acceptor layer 
and holes to the donor layer. Bilayer devices can be created between donor/acceptor 
junctions of polymer/polymer, polymer/small molecule (Figure 1.4(b)) and small 
molecule/small molecule materials. The key to a successful bilayer device is utilising 
materials with suitable difference in their electron-affinity and/or ionisation 
potentials (> 0.3 eV) which will cause exciton dissociation at the interface17. Once 
dissociation has occurred holes and electrons are transported through the donor and 
acceptor layers respectively to the electrodes by the built-in electric field (Figure
1.4(c)). One of the key advantages of this configuration is that there are now two 
layers with different band gaps which can potentially contribute to light absorption. 
In 1986, using this approach Tang et al. demonstrated devices o f this format with 
efficiencies o f 1%18.
7
Introduction
(a)
Polymer C60
Polymer C
Cathode
(b) (c)
Figure 1.4: (a) Schematic structure o f  a bilayer device showing how the donor and acceptor layers 
are stacked between typical electrodes, (b) Energy level diagram o f  a polymer/C60 system under flat 
band conditions, (c) The same system as shown in (b) under short circuit conditions.
Notably, certain materials perform better than others as donor or acceptor 
materials. For example, very few polymers have electron affinities high enough to be 
good electron acceptors and thus are normally used as the donor material. The most 
widely studied acceptor material is the Buckminsterfullerene (C6o) and its 
derivatives. The discovery o f the C6o'9 and its use as an electron accepting material 
was a major advance for OPVs. Sariciftci20 demonstrated in 1992 that photo-induced 
electron transfer from a conducting polymer to a C6o molecule was highly efficient. 
Simply by adding 1% of C60 to poly[2-methoxy-5-(2'-ethyl-hexyloxy)-l,4-phenylene 
vinylene] (MEH-PPV)21,22,21 increased its photoconductivity by an order of 
magnitude as compared to a device containing pure MEH-PPV. The discussion on 
C6o will be extended in Chapter 2 of this thesis.
Introduction
The primary disadvantage of bi-layer OPVs is that excitons must be formed 
within an exciton diffusion length to contribute to the photocurrent. However, since 
the exciton diffusion length o f the heterojunction in organic semiconductors is 
typically ~10 nm, the device thickness is limited17, severely limiting cell efficiency. 
An alterative approach to increase the photoactive volume is to anneal the device 
thus forming a mixed region at the interface24. By carefully selecting the anneal time 
and temperature, it has been shown that this approach can be used to dramatically 
enhance device performance due to the increased donor/acceptor interfacial area25.
The improvement in performance o f bilayer OPVs with a diffused 
donor/acceptor interface led researchers to develop what is known as the bulk 
heterojunction OPV, where donor and acceptor materials are deposited using the 
same solution to create complex interpenetrating networks. In the bulk heterojunction 
device, the donor/acceptor interface is massive due to the phase separation of the 
donor/acceptor materials (Figure 1.5). This increase in interfacial area resulted in an 
enhancement of short circuit current by several orders of magnitude26,27.
hv
Anode
t t *  P 3 H T  2 9  e V
Cathode
L U M O  C *  3  7 e V
tt P 3 H T  5 1  e V
H O M O  C * ,  6  1 e V
(b)
Figure 1.5: (a) Schematic structure o f  a bulk heterojunction OPV showing phase separated donor 
(blue) and acceptor (red) layers between electrodes, (b) Energy level diagram o f  a P3HT/C60 system 
under fla t band conditions, (c) The same system under short circuit conditions.
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The most efficient OPVs to date have been fabricated using the bulk
• ORheterojunction device structure. Efficiencies o f 2.5% were reported in 2001 , and 
have now increased to ~  5% with improved material systems and fabrication 
methods29,30. A significant advantage o f cell fabrication from a blend which 
spontaneously phase separates upon film deposition is that only one photoactive 
layer is required between the electrodes, greatly reducing fabrication costs. 
Nevertheless, for commercial viability, the efficiencies and lifetimes o f these devices 
need to be further improved.
1.5 Relevance of proposed research
The main obstacle to commercial production o f OPVs based on conjugated 
molecules is the low power conversion efficiencies. To a lesser extent, the lifetimes 
o f OPVs is also a concerning factor. It is likely that improvements in operational 
lifetime will be realised using similar' encapsulation technologies as those used in 
organic light emitting diodes. Consequently, at present the majority o f research in 
OPVs is focussed on improving efficiencies and understanding the device physics.
The low power conversion efficiency in OPVs largely stems from the low 
charge carrier mobility - particularly that o f holes - in organic semiconductors. The 
research presented in this thesis is concerned with addressing this issue by combining 
the high electrical conductivity o f carbon nanotubes (CNT) (introduced in Chapter 3) 
with the optoelectronic properties o f organic semiconductors such that photo­
generated free charge carriers are efficiently extracted to the external circuit.
10
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2. Organic photovoltaics: review
2.1 Introduction
In Chapter one, a general overview and discussion o f OPV structures and 
operation principles was presented. This chapter is intended to discuss in some detail 
the design and operation of OPVs, with particular emphasis on pathways to improve 
cell performance. The majority o f this discussion focuses on OPVs, however, some 
of the concepts described are equally applicable to conventional inorganic PV. More 
information about the physics o f inorganic PV can be found in text books by 
Nelson1, Bube2 and Green3.
2.2 Organic photovoltaics
To examine the method o f operation o f OPVs the charge generation process 
can be split into four components which are summarised in Figure 2.1:
(i) Absorption of light and generation of excitons.
(ii) Exciton diffusion.
(iii) Exciton dissociation.
(iv) Charge collection.
14
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High efficiency may only be realised if the efficiency of each of the above 
four processes is optimised. The product given by equation (2.1) determines the OPV 
internal quantum efficiency (rjiQE)4’5-
*1i q e  = 1 1 a  % 11 e d  9 J 1 e x d  % 17 c c  ( 2 . 1 )
where r|A is the light absorption efficiency in the device active area, t|ed is the 
exciton diffusion efficiency to a dissociation site, t|exd is the exciton dissociation 
efficiency (i.e. the efficiency o f exciton dissociation into a free electron and hole), 
and rjcc is the collection efficiency of free charges at the electrodes. If we take into 
account the losses associated with coupling light into the device, the external 
quantum efficiency may be defined as,
VEQE = (l “ ^VllQE (2-2)
where R primarily accounts for losses due to reflection at the front surface5. With this 
four step process in mind, the individual components will now be considered further.
Light absorption 
(exciton generation)
LUMO
Exciton diffusion
HOMO
~ L  O
o  -
^ C T
------- o A
Charge transfer 
(exciton dissociation)
Figure 2.1: The operation o f  an OPV can be summarised by the four processes illustrated in this 
figure, light absorption and exciton generation, exciton diffusion, exciton dissociation and finally 
charge collection .
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2.2.1 A bsorption of light, generation and diffusion of excitons
The Sun produces radiation through the process o f nuclear fusion which is the 
primary source of all energy on Earth6,7. The Sun’s surface temperature is 
approximately 5800 K and so the spectrum of the Sun can be modelled by a 
blackbody at this temperature. When the Earth - Sun distance is equivalent to one 
astronomical unit the radiation incident on the Earth’s outer atmosphere is 
approximately 1360 W nf2 (solar constant). However, this value changes by 6.6 % 
due to seasonal variations in Earth - Sun distance8. As the Sun’s radiation travels 
towards the Earth, it is attenuated in the infrared region o f the spectrum by water and 
carbon dioxide molecules, with ozone absoiption depleting the irradiant intensity in 
the ultraviolet region6. Other effects such as Rayleigh scattering by dust particles and 
water droplets also attenuate the radiation as it passes through the atmosphere6.
The ‘air mass’ (AM) defines the path length o f incident radiation in relation 
to the path length when the Sun is at its Zenith. When the Sun is directly overhead it 
is defined as AM I. In space, where there is veiy little attenuation the AM is 
equivalent to zero (AMO). However, as the sun is not directly overhead worldwide, it 
has been widely agreed that a value o f AM 1.5 should be used as an average value for 
terrestrial applications (Figure 2.2). It is therefore imperative when measuring the 
performance o f PV cells that the test conditions used are stated.
Figure 2.3 shows the spectral distribution of radiation intensity (power per 
unit area per unit wavelength). It clearly shows that at a wavelength o f approximately 
500 nm, there is a peak in the irradiance o f almost 1600 W/m2 nm. The optimum 
wavelength for PV cells to operate is at the wavelength corresponding to the 
maximum spectral irradiance, with energy from other significantly different 
wavelengths being wasted. Tandem PV cells circumvent this situation by stacking 
materials that utilise different parts of the spectrum one on top o f each other.
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Figure 2.2: This diagram shows how the AM  is calculated from the path length and the relationship 
to the Zenith position \
Wavelength (nm)
Figure 2.3: Spectral distribution o f  radiation intensity under AM  1.5 conditions, a peak in the 
spectral irradiance can be seen to occur at ~ 500 nm, data is from a PSpice simulation.
The efficiency o f a PV cell at a particular wavelength of incident light is 
related to the material’s absorption coefficient a(X) and optical band gap. The 
absorption coefficient of a given material may vary over several orders of magnitude
17
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over the solar spectrum. In PV cells the photons are absorbed according to Lamberts 
Law:
I w  = h o f " ”(2-3)
where I(x) is the intensity at a position x in the material and I(0) is the intensity at the 
origin.
If  a  is high, photons are absorbed within a minute distance o f the material’s 
surface. If  a  is low, photons penetrate deeper into the material. If a  is equal to zero 
photons simply pass straight through the material, i.e. the material is transparent. To 
obtain optimal use o f available photons, the value of a  should be carefully 
considered.
Compared to silicon (lO ^lO 6 cm '1 from 1.1-0.2 pm9), a  can be very large in 
organic semiconductors; and so OPVs are typically much thinner than silicon devices 
for the equivalent absorption of energy. For some organic semiconductors an organic 
layer thickness of ~ 1000 A is sufficient to absorb all incident light at 500 nm4.
The absorption o f photons by a conjugated organic material creates electron - 
hole pairs through the promotion o f electrons from the HOMO to the LUMO, leaving 
holes in the HOMO to form excited states called excitons. Excitons are bound 
electron - hole pairs and in organic materials typically reside on one molecule 
(Frenkel excitons).
In a single layer OPV, the volume next to an electrode interface is called the 
active region, only excitons formed in this area (within an exciton diffusion length) 
are dissociated (Figure 2.4(a)). In bi-layer OPV, the active area is confined to the 
region close to the donor/acceptor interface (Figure 2.4(b)) again within an exciton 
diffusion length. Only excited states generated in this active volume will contribute 
to the photocurrent. Excitons formed outside this region relax before dissociation can 
occur.
The short diffusion lengths (Ld) in organic semiconductors - typically of the 
order o f 10 nm or less - severely limits the thickness of the photoactive layer. 
Unfortunately, Ld is typically smaller than the absorption length 1/a and so not all 
incident light can be harvested. In Figure 2.4(a) the exciton created would not 
contribute to the photocurrent because it has not been generated within an exciton 
diffusion length of the dissociating interface. In Figure 2.4(b), the probability of
18
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charge separation is much higher, since the exciton is formed within an exciton 
diffusion length of the heterojunction.
i = >
Light
Exciton Active Region
✓
*
$
i
/
*
*
*/ \i
$ \  / \ \
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V * \
P o l y f h e r 2m c « i \  A l  \
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Figure 2.4: (a) Representative schematic o f  light absorption in a single layer OPV, highlighting an 
active region at the Al electrode and the requirement for exciton formation within this region, (b) 
Representative schematic o f  light absorption into a bi-layer OPV, again the active region is 
highlighted (image adapted from reference10).
Where the absorbing layer has a thickness d, the absorption efficiency can be 
summarised by the following equation:
» 7 , = ( l (2-4)
The exciton diffusion efficiency is based upon the assumption that excitons 
will arrive at a dissociation site and do not relax/thermalise on route. Again this is 
dependent upon Ld and also the layer thickness d5as
f  -d,
Ved ~ J/l-D (2.5)
The next part o f this chapter will describe the processes o f charge separation 
and collection. However, whilst single layer OPV have limited performance due to 
the requirement for thin active layers in order for excitons to reach an organic/metal 
interface for dissociation by the electric field, the associated exciton dissociation 
process has been shown to be extremely efficient (-100%) in OPVs where there is a 
donor/acceptor interface11,12. Therefore, the key areas for improvement in OPV
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performance is ensuring a high absorption of photons in the active volume combined 
with efficient exciton transport to the dissociating interface and subsequent collection 
o f charge at the electrodes.
Approaches designed to circumvent the exciton diffusion length bottleneck 
include the creation o f a bulk-heteroj unction structure of donor/acceptor species 
phase separated on the scale of Ld as described in Chapter 1, where the absorption 
can be increased without compromising Ld10,13,14,15. Other routes include creating 
order within the organic layer, which allows exciton and charge transport to occur' 
more efficiently. In some instances, the degree of order can be controlled by 
appropriate solvent selection and the rate o f solvent evaporation, such that the 
organic semiconductor molecules have sufficient time to orientate14,15,16.
2.2.2 C harge separation and collection
For charge to flow to an external load, excitons must be dissociated to form a 
free electron and hole. Excitons can be dissociated via several means within a device:
(i) In high electric fields which are typically found near interfaces with 
electrodes.
(ii) Dissociation at impurities and defects in the material such as oxygen which 
acts as electron trap.
(iii) Charge separation wherever there is a step change in electro-affinity and/or 
ionisation potentials between adjacent materials.
2.2.2.1 Effects of oxygen and light on electron trapping
Due to the electronegativity o f oxygen, it can function as an electron trap 
(electron acceptor), thereby promoting exciton dissociation in organic materials. 
Oxygen therefore readily dopes many organic semiconductors, increasing the hole 
conductivity o f the material in which it is introduced17,18,19. Since oxygen makes up ~ 
20 % of the atmosphere, oxygen doping can easily occur unless materials are 
processed under an inert atmosphere.
Photo-oxidation severely degrades the performance of organic 
semiconductors and does so by breaking the double bonds between carbon atoms on 
the conjugated backbone. This can lead to a reduction in conjugation length, which 
increases the materials band gap reducing the number o f free carriers, thereby
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decreasing its conductivity. Secondly, oxygen can bond to the ends o f broken carbon 
chains to form electron withdrawing groups which function as traps.
2.2.22  Dissociation a t a donor/acceptor interface
The effects o f electron trapping by doping led to the introduction of electron 
acceptor molecules into device structures20 and it is now widely accepted that the 
charge separation at a donor/acceptor interface is the most efficient means of 
dissociating excitons as previously mentioned. The term photo-excited charge 
transfer is commonly given to this process of exciton dissociation21,22. The interface 
requires two materials, one acting as the donor, which has a low ionisation potential 
(IPd) and the other, the acceptor, which has a high electron affinity (PAa). When 
these two materials are brought together, a heterojunction is formed. However, 
exciton dissociation will only occur when the donor/acceptor materials have been 
suitably selected4. In Figure 2.5, two scenarios are given for the dissociation of 
excitons formed in the donor material.
II
IIiI
o
a
donor
ip d‘ EAa
acceptor 
Eex > IPd-EAa
(a)
»iilil
■o
o i
donor
IPd-EA/
acceptor 
Eex < !p D-EAA
(b)
Figure 2.5: Energy level diagrams illustrating (a) that exciton dissociation is favourable when Ee 
>IPD- EAa and (b) unfavourable when E ^  <1PD- EAa.
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In both cases, the donor material has the lower ionisation potential whilst the 
acceptor material has the higher electron affinity, defined by the LUMO. The exciton 
formed in the donor material has an energy Eex, which is typically less than its 
HOMO-LUMO gap by 0.1 to 0.2 eV . For the charge transfer reaction to occur the 
electron must be transferred into the acceptor material, whilst the hole remains in the 
donor material. This will only occur in (a) because the ionisation potential o f the 
donor, IPd minus the electron affinity o f the acceptor, EAa is less than the exciton 
binding energy, Eex. In (b) where IPp- EAa is greater than Eex the charge transfer 
reaction is unfavourable.
Ceo (Figure 2.6) and its soluble derivatives are the most widely utilised 
electron acceptor material. Charge transfer from a conjugated polymer to C6o was 
first reported in 1992 by Sariciftci20 and by several other groups23,24,25. It was 
demonstrated that charge transfer takes place on the femtosecond time scale with an
9upper limit of 300 fs , which is ~ 1000 times faster than any radiative or non- 
radiative decay process within the polymer27, consequently the quantum efficiency 
for exciton separation can be near unity in OPV utilising a C60 acceptor26,28,29. Soon 
after this discovery, it was shown that the addition of only 1 % C6o could enhance 
device performance by up to one order of magnitude4. In single layer OPVs which 
are reliant upon the built-in electric field to generate free carriers the exciton 
dissociation efficiency is less than 10 % 17.
Figure 2. 6: A representative image o f  the C60 molecule.
[6,6]-Phenyl-C61 butyric acid methyl ester (PCBM) is a soluble derivative of 
C6o (Figure 2.7). Due to its solubility in common organic solvents PCBM can be
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easily mixed with the active polymer material to form a bulk heterojunction device, 
comprising donor and acceptor phases that are separated on the scale o f Ld in both 
phases. The close proximity of donor and acceptor materials in the bulk 
heterojunction enables 100 % of excitons to be dissociated.
Notably, the covalent addition of the solubilising functionality in PCBM does 
not drastically alter the Ceo: PCBM exhibits a slightly enhanced electron mobility 
(pie)  and reduced Ip30.
Figure 2.7: A PCBM molecule comprising o f a C60 molecule functionalised M>ith a moiety.
2.2.2.3 C harge tran sp o rt
The organic materials used in OPVs are molecular solids since the molecules 
are weakly interacting via van der Waals interactions such that the properties of the 
bulk are dominated by those o f the constituent molecules. Metals and conventional 
semiconductor materials such as silicon have strong chemical bonds between 
constituent atoms such that the valence levels are delocalised throughout the solid. 
Thus, the electronic structure o f a molecular solid cannot be accurately described 
using traditional band theory. Temperature and field-dependent conductivity 
measurements have identified that the transport o f charge in molecular solids is via a
* “31 T9‘hopping’ mechanism ’ akin to a trap-to-trap migration.
This transport process can be easily understood in terms the potential box 
model in which each potential box corresponds to an individual molecule (Figure 
2.8). For a earner to ‘hop’ from one potential box HOMO level to another, it has to
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overcome a potential barrier. This ‘activation energy’ to transport is less than or 
equal to the solid state ionisation potential (/„) 4,5,32
>1
E?0)c0)
coL.
■q
tt)
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•O-Oi <H>
A ▲
0-0 0-0
V,
LUMO
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A Potential box (Molecule) A
t ____________  J
Molecular solid
Figure 2.8: A molecular solid is represented by a series o f potential boxes, which individually 
represent single molecules. Due to the weak van der Waals interactions between the molecules the 
HOMO, LUMO and band gap (Eg) values are localised on each molecule. This is indicated in the 
figure by differing distances from the vacuum level (Vj) o f the HOMO and LUMO. The VL is greater 
at the solid surface than between wells due to the weak interaction between adjacent molecules. 
Spatial disorder between adjacent molecules is represented by the change in distance from one well to 
another, whilst energetic disorder o f  the order o f 0.1 eV is represented by small differences in Eg due 
to the variations in local dipole fields at each molecular site. For a carrier to migrate through a 
molecular solid it has to 'hop' over a potential barrier to the next potential well (molecule), 
overcoming the activation energy.
Due to disorder in molecular solids and the requirement for carriers to ‘hop’, 
molecular solids tend to have low mobilities. This is a severe disadvantage for 
devices. Organic materials are often referred to as p-  or n-type. However, unlike 
traditional semiconductors, this does not imply that there is a greater number of holes 
or electrons in the valence and conduction bands respectively, but to a disparity in 
canier mobility. For example, the hole mobility (w/?) in polymeric semiconductors is 
typically much greater than the pe. Methods to improve charge carrier mobility in 
molecular solids revolve around creating order within the material, which can be 
achieved using materials which tend to orientate such that there is a large degree of 
overlap between frontier (HOMO, LUMO) molecular orbitals on adjacent molecules. 
Alternatively, the incorporation of highly conducting phases into the active layers 
would serve to improve the aforementioned transport properties, where carriers can 
move freely between phases.
24
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2.2.2.4 C harge collection
Efficient collection of holes and electrons is of paramount importance for the 
realisation of the maximum attainable power conversion efficiency. In OPVs, free 
charge carriers can drift to the electrode in the built-in electric field and/or diffuse 
due to a gradient in carrier concentration. The electric field that gives rise to drift is 
usually created using electrodes of differing work function. In very thin OPVs, the 
built-in electric field is the primary force motivating charge carrier extraction.
There is much controversy as to the origin of the open circuit voltage ( Voc) in 
OPVs. The maximum achievable Voc in a heterojunction OPV comprising donor and 
acceptor materials is given by the difference in the acceptor LUMO and donor 
HOMO energies53 (Figure 2.9). In practice, this value of Voc is rarely achieved 
primarily due to poor alignment o f the Fermi level of each electrode with the relevant 
molecular orbitals in the adjacent organic semiconductor (e.g. between the hole 
extracting electrode Fermi level and HOMO of the donor phase material).
Acceptor a - 
LUMO
Donor
HOMO
Figure 2.9: The maximum Voc is determined by the acceptor LUMO and donor HOMO positions.
It has also been suggested that the difference in work function between the 
electrodes gives rise to the Voc34,w. This model, frequently described as the metal - 
insulator - metal (MIM) model, holds for many OPVs where the electrode Fermi 
levels fall within the donor HOMO and acceptor LUMO energy separation as 
schematically illustrated in Figure 2.10. The MIM model fails when one or both of 
the electrode’s work functions lies outside this range. The method of determining Voc 
is complicated further by vacuum level shifts that commonly occur at organic/metal
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Organic photovoltaics: review
interfaces making it difficult to predict Voc based on the work function of the clean 
electrode surfaces and the HOMO-LUMO energy o f the organic semiconductor.
Figure 2.10: In the MIM model the VQC is determined by the difference in <P o f the anode and cathode.
It is possible to modify electrodes through the inclusion of buffer layers such 
as Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)j6 and 1 - 
2 nm of LiF1 which can also affect Voc. In some instances, the ITO may have an 
inconsistent surface height and slight variations in work function. By coating the 
surface in PEDOT:PSS, the surface is smoothed and the work function of the 
electrode is increased to 5.2 eV, which is higher than that of ITO.
Other factors that can affect the quality o f the electrodes include the 
following.
(i) Rate of deposition of the cathode: for example if the Al is deposited at a high 
rate, hot Al atoms with excess energy may penetrate deep into the active 
material which may subsequently lead to electrical shorting.
(ii) Exposure of the electrodes to air may result in an alteration o f the electrode’s 
work function: for example the formation of an oxide layer, which is an 
insulator.
(iii) Finally, it is possible that the electrodes will have a chemical reaction with 
the active material resulting in device degradation. Although the reactions 
may be complicated, they will typically result in an insulator being formed, 
which may affect device performance.
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The formation o f an ultra-thin insulating layer need not be detrimental to the 
contacts since the electric field is focussed across the contact. Indeed ultra-thin 
insulating layers such as LiF are routinely incorporated at the organic/cathode 
interface.
2.2.3 O rganic/m etal contacts and  field enhancem ent
In the vast majority of cases, contacts between metals and organic 
semiconductors are found to be injection limited. Yu et al.lx reported that for the 
ideal bi-layer organic solar cell, the work function of the anode should be close to the 
HOMO position of the donor material, whilst the work function o f the cathode 
should be aligned with the position o f the acceptor LUMO. This results in ohmic 
contacts being formed at each metal/semiconductor interface and allows holes to pass 
freely into the anode whilst blocking electrons and vice versa at the cathode. Ohmic 
contacts are space charge limited contacts (SCLC) since the electrode can supply as 
much current as the semiconductor demands.
If the contact is injection limited, earners have to overcome a barrier to move 
from the electrode to the semiconductor and require an activation energy to do so. In 
organic/metal contacts, Schottky barriers of < 0.3 eV are small enough to supply a 
SCLC. If  the barrier to extraction is too large, current flow is said to be injection 
limited and the contact is injection limited. In the presence of an accelerating electric 
field, F, the Schottky barrier (<D) can effectively be reduced due to the combined 
effect o f F  and the interaction of an electron just outside the surface with its image in 
the surface. These two contributions to the potential energy of an electron just 
outside a solid surface are illustrated in Figure 2.11 and can be expressed as:
where E is energy, e is charge, F  is electric field, s0 is the permittivity o f free space 
and r is a distance. At the maximum in the potential energy curve:
(2.7)
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Consequently the distance at which the maximum potential occurs, ro, is:
\6 k£
(2.8)
and so the reduction in the O is given by:
AO =
(  3 zr \e F 
V4/T£0 ,
(2.9)
This effect was named after Schottky and is only significant at high electric 
field strengths which are common in organic photovoltaics.
r
Figure 2.11: Energy level diagram at a metal-semiconductor interface under the influence o f  a large 
electric field.
Injection of charges can also occur via field assisted quantum mechanical 
tunnelling described by the Fowler- Nordheim equation,
>2 t Z 2r aABl V I = —   exp
</>
3
btf)1
pv (2.10)
where 1 is the emission current measured in Amperes, A emission area 0  is the work 
function, a and b are constants (1.54 x 10'6 AeVV'2 and 6.83 x 10'7 eV '^ V m '1 
respectively) and /? is a geometric field enhancement factor. The electric field within 
OPV can be written as:
28
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F = v/ d  (2.11)
where V is the applied voltage and d  is the distance between the electrodes. In an 
OPV, where the d  is 200 nm the electric field at 0.6 V (a typical Voc) is 3 x 106 V m '1. 
However, if a conducting spike or protrusion is present at an electrode surface such 
as a MWCNT, the electric field equipotential lines will be focussed at the tip of the 
spike as illustrated in Figure 2.12. The macroscopic field can still be described by 
equation 2.10, but there is a concentration of field lines at the tip of the spike shown 
in Figure 2.12 where the electric field is enhanced by a factor /?, which also appears 
in the Fowler- Nordheim equation (2.10),
= PFApp ■ (2.12)
A rough estimate of j.3 can be found using the structure height, h, and radius, r:
P  =- h . (2.13)
More accurate semi empirical models for the calculation of /? are discussed in 
Chapters 5 -7.
ATLAS 
D ata from single.str
Figure 2.12: A SILVACO simulation image that demonstrates how the electric fie ld  can be enhanced 
at the tip o f a conducting post protruding from the electrode surface.
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2.3 Characteristics of photovoltaic devices
The main characteristics and electrical properties of photovoltaic devices are 
introduced in this section. Whilst it is generally agreed that the physical processes o f 
operation differ between organic and inorganic devices37, the electrical 
characteristics are similar and can be described using the same concepts.
Equivalent circuit diagrams (ECD) are a methodology used by engineers and 
scientists alike, to describe a complex electrical device in terms o f discrete electrical 
components in a simple manner. In this method, a PV cell in the first order may be 
split into a current source (/,), a diode (D), a parallel resistance or shunt resistance 
(.Rsh) and a series resistance component (Rs). A load at the cell’s terminals may also 
be represented by a load resistor (Rf). Figure 2.13 shows the ECD described.
Rs
i ^  *  1
Figure 2.13: Equivalent circuit diagram o f  a PV  cell.
Is' Under light conditions (ho > HOMO - LUMO gap in the organic material (Eg)) in 
OPVs, incident photons create excitons. The current (I) produced is dependent upon 
how efficiently the cell can split the excitons into free electrons and holes and collect 
the free carriers at the electrodes. Photocurrent is related to the level o f irradiance 
and can be expressed as a function of wavelength.
D : In conventional inorganic semiconductor PV cells, the diode represents the p-n 
junction such that under dark conditions, a PV cell acts as a diode. In OPVs the diode 
also represents effects due to the built-in electric field arising from a donor-acceptor
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interface, or simply the carrier blocking properties at a metal semiconductor 
interface.
Rs: Rs is the sum of contributions from bulk transport within the organic layers, 
carrier extraction at the electrodes and transport through the contacts to the external 
circuit. Ideally, Rs should equal zero.
Rsh: Rsh arises due to electrical shorting of the electrodes, or leakage through the 
device bulk. It may also occur due to leakage around the device edge. Ideally, Rsh 
should be infinitely large.
The effects of Rs and RSh on overall device performance will be described 
subsequently.
2.3.1 PV cell I-V characteristics
Figure 2.14 shows a current-voltage (I-V) characteristic of a PV cell under 
illuminated conditions. Relevant points o f merit are indicated on the plot, these 
include the Voc, Isc, and the maximum power point (Mpp) with their values given.
Volts (V)
Figure 2.14: Output characteristics o f a solar cell.
Returning to the ECD and negating the effects of Rs and Rsh, several 
equations may be written to describe the behaviour of a PV cell. When a load is
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present across the device terminals, a potential difference is created. The potential 
difference has an associated current which acts in the opposite direction to the 
photocurrent. This current is referred to as the dark current and is equal to the current 
produced when voltage is applied to the cell in the dark. Under dark conditions, PV 
cells tend to behave as true diodes, allowing a much higher current under forward 
bias compared to reverse bias. The dark current can therefore be described by the 
following formula.
i «,A v ) = i 0
r  q V /
e /k*r - \ (2.13)
where Io is the diode’s reverse saturation current and all other symbols have their 
usual meaning.
The IV  response of a PV cell under light conditions lies in the fourth quadrant 
o f the IV  response, as can be seen in the Figure 2.14 above. This quadrant implies 
that energy is being drawn from the cell and as such the net current produced in the 
cell is found to be:
I  = L
which substituting into equation 2.13 gives:
f  qv.'UT 1
(2.14)
(2.15)
When a PV cell is ‘open circuit’ i.e. the contacts are not connected to a load, 
the PV cell will reach its maximum potential when the dark and light currents cancel 
each other and equal zero. This point is called the Voc condition. The Voc can be 
found from the following equation:
rr kRT . V = ——  Inoc
q
L l + \ (2.16)
under Isc conditions, the Voc is equal to zero and subsequently:
1 , 0 = - I -  (2.17)
We have however negated the effect o f Rs and Rsf„ commonly referred to as 
parasitic resistances and were described earlier. Equation 2.15 can be modified to 
take account of the effects o f these resistances, i.e.
(  q (y + lR , ) ,
I  = L - I n / k„T -1 V + IR.
R
(2.18)
sh
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The quality of a solar cell can be determined from the fill factor (FF). The FF 
is defined as the ratio o f the Mpp (VmIm) (power density), to the product o f VocISc and 
is a measure o f the ‘squareness5 of the fourth quadrant response under illumination,
i.e.
V IF F  - —0LJ>L ' (2 .1 9 )
V Ioc sc
The Mpp can be found by plotting the product IV  as a function of V. This is 
demonstrated by taking the IV  data used to generate the IV  curve in Figure 2.14 and 
plotting power as a function o f voltage as demonstrated in Figure 2.15. From this 
plot it can be seen that the in the example Mpp occurs at a voltage o f 0.546 V and 
current of 16.24 mA. The maximum power is therefore 29.73 mW.
Voltage
Figure 2.15: Method used to calculate Mpp, Voc and Isc o f  a solar cell
The cell efficiency is given as the ratio of power density (ImVm) to incident 
light power (Pi) at the operating point,
I  V
17 = -=-=- (2.20)
Pi
The efficiency o f a solar cell is thus related to Isc and Voc through the 
following formula:
I  V FF
V = s c ;  (2.21)
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2.3.2 Effects of shunt and series resistances and irradiance
In this section the effects of Rs, Rsh and irradiance powers are investigated, 
demonstrating how a solar cell’s IV characteristics can be affected.
2.3.2.1 Rsh
Using PSpice (a powerful simulation package for electrical and electronic 
circuits) the influence that Rsh has upon a solar cell’s IV characteristics can be 
effectively simulated. Rs was set low (lx l0"6 Q) so its influence on the cell was 
negligible and Rsh values ranging from 1000 £2 to 0.05 Q were simulated under an 
irradiance of 1000 W/m2, the results of which are given in Figure 2.16.
Volts (V)
Figure 2.16: Effects o f  the Rsh on the IV characteristics.
Figure 2.16 demonstrates that the resultant traces with decreasing Rsh values 
give rise to increasing gradients (quadrant 3) and more serious effects on device 
performance, therefore to achieve an efficient device, Rsh must be maximised.
The value of Rsh does not affect Isc because Rsh is significantly larger than Rs, 
therefore the current flowing through Rsh can be neglected. However, as Rsh tends to 
zero the result is visible in terms of a reduced Voc and FF.
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2.3.2.2 Rs
Using PSpice it is also possible to simulate the effects of Rs on solar cell 
performance. (Rsh was kept at 1 M£2 and therefore can be neglected for the purposes 
o f this demonstration.) The results o f a range o f Rs values are shown in Figure 2.17.
The predominately evident effect o f increasing the Rs, is a decrease in the PV 
cell’s FF. As the Rs increases the Isc becomes increasingly compromised, this can be 
seen in Figure 2.17 along with a decrease in the gradient in the 1st quadrant. 
Typically, the Voc will stay constant for increasing Rs values. This occurs because at 
Voc, the current flowing through Rs must be zero. Rsh will still dominate the gradient 
in the 3rd quadrant and will not change with increasing Rs if Rsh is constant.
V (volts)
Figure 2.17: Effects o f  the Rs on the IV characteristics.
2.3.2.3 Irradiance
In the final group o f simulations the IV characteristics of a PV cells were 
simulated with AM 0 illumination. The illumination power has the most substantial 
impact on the solar cell Isc, demonstrated in Figure 2.18 on the following page. The 
illumination power also plays a crucial role in determining the solar cell’s Voc, FF 
and efficiency. The results from the simulation show the range o f results obtained 
under different illumination intensities. It is imperative that solar cells are tested
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under standard test conditions and it is essential that the intensity o f illumination and 
AM filter used are stated, to enable fair comparison of results obtained.
10 
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1= 2 
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-10
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Volts (V)
Figure 2.18: Effects o f the irradiance power on the IV characteristics..
2.4 Summary
In this Chapter, firstly a review of OPV based upon the absorption of light 
and generation of excitons; exciton diffusion; exciton dissociation and charge 
collection was presented, highlighting the requirements for efficient devices. 
Secondly, the device characteristics o f OPV devices were introduced and discussed.
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3. Carbon nanotubes
3.1 Introduction
Carbon is naturally integrated in many materials known to man ranging from 
graphite, which is o f relatively soft consistency and is commonly used in pencils, to 
diamond, which is the hardest natural material known. Carbon is also the basis of 
many molecular materials including conjugated polymers, the spherical molecule C6o 
and the now widely researched carbon nanotubes (CNT)1.
3.2 The history of carbon nanotubes
Until relatively recently, only two allotropes of carbon were known, namely 
graphite and diamond. This altered in 1985 when experiments by Kioto, Curl and 
Smalley demonstrated the formation o f gas-phase molecular carbon comprising 60 
carbon atoms (C6o) by vaporising graphite2. Crucially, Kratshmer and Huffman 
showed that C6o could be produced in bulk quantities at a purity o f ~ 90 % by arc 
evaporation of carbon rods3.
Iijima4 investigated the carbon soot produced by the arc discharge o f graphite 
rods used for the production o f which until this point had been discarded as 
waste. The material was found to contain substantial quantities o f tubes closed at 
each end with caps o f exactly six pentagonal rings4. These materials are now 
commonly known as CNT. CNT typically have diameters in the range o f 0.4 nm to 5
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nrn for a single-wall CNT (SWCNT) and 5 nm - 100 nm for multi-wall CNT 
(MWCNT), SWNT were first reported in 1993, again by Iijim a5.
3.3 Structure and properties of carbon nanotubes
A CNT can be thought o f being made from two-dimensional graphene sheets 
rolled to form cylinders. These cylindrical structures are extremely strong compared 
to graphite where the weak van der Waals interactions between graphene layers 
allows for movement and separation of the layers. It has been demonstrated that CNT 
are capable of carrying extremely high current densities of the order of 109 A/cm2, 
which is three orders of magnitude greater than that of copper. The heat transmission 
capacity o f CNT has been shown to exceed diamond (3320 W/mK) at 6000 W/mK, 
whilst their tensile strength o f 45 x 109 Pa is over 20 times stronger than that of steel 
(2 x 109 Pa). Combined with a remarkably low density o f 1.33 -  1.40 g/cm3 
(aluminium 2.7 g/cm3), CNT are truly a remarkable macromolecule.
Pristine CNT are capped at either end by a carbon cage similar to half a C6o 
molecule and can comprise one (single-walled) or many (multi-walled) rolled 
graphene sheets (Figure 3.1).
Figure 3.1: A representation o f  a MWCNT comprising o f  three walls, each with a different chirality6.
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It is possible for CNT to be either semi-conducting or metallic but where the 
number of layers exceeds 10, MWCNT are typically always metallic in nature. The 
electronic properties of a CNT are a function o f the chirality, diameter and quality of
n
the CNT structure . Another important property for electronic applications is the 
work function which of pristine tubes is close to that of graphite, - 4 . 3  eV, but 
reported values range between 3.4 and 4.95 eV7,8,9.
The chirality is defined as the relationship between the tube axis and the 
helicity o f the hexagonal lattice walls (Figure 3.2).
chiral
Figure 3.2: Three differing ways in which a graphene sheet may be rolled and defined by its chiral 
vector.
Chirality is most easily understood if  the CNT wall is firstly considered as a 
planar graphene sheet. As the imaginary graphene sheet forms a cylinder, the carbon 
atoms at the two joining edges must connect to form a complete cylinder. This 
joining of the edges of the graphene sheet occurs in many ways and can be defined 
by the chiral vector, which has the indices (n, m), so that
C = na{ + ma2 (3.1)
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where aj and a% are unit vectors in the hexagonal lattice. This leads to three classes of 
CNT depending upon the chiral vector: (i) armchair where (n — m); (ii) zigzag where 
(m = 0) and (iii) chiral tubes where (n f  m). Examples are given in Figure 3.2.
When the value n - mis, divisible by three SWCNT are metallic in nature. If 
the value n - mi s  not divisible by three then the SWCNT is semiconducting. It is not 
yet possible to control the chirality o f CNT during growth. However, it can be shown 
that approximately two thirds o f SWCNT are semiconducting, and the remaining one 
third are metallic10.
Given the chiral vector (n,m), the diameter of a CNT can be determined using 
the relationship;
d  = (n2 + m 2 + rn t f  0.0783«w . (3.2)
Furthermore, Wildoer10 showed that the band gap Eg of semiconducting CNT 
depends upon the nanotube diameter and bonding angle (determined by the twist), 
according to the expression:
(3-3>
where y0 is the C-C tight bonding overlap energy (2.7 ±0.1 eV), ac.c is the nearest 
neighbour C-C distance (0.142 mn), and dt is diameter.
Not all CNT are perfect and many have defects in their structure, which may 
change the properties. Whilst some defects arise from the growth process alone 
others can be a result o f post growth processing such as treatment with concentrated 
acid to remove residual metal catalyst particles. In particular*, the CNT capped ends 
are susceptible to damage due to their high degree of curvature or dangling carbon 
bonds in the case o f open ended CNT6,11. If such processes are controlled the CNT 
ends and any holes in the walls may become decorated with functional groups such 
as carboxylic acid and/or hydroxide moieties.
CNT are often subjected to an oxidation treatment to improve their solubility 
in aqueous or organic solvents, since pristine CNT tend to aggregate into bundles, 
which is a significant issue for many applications. Ago et al. also demonstrated that 
their work function could be adjusted through oxidation7. Another benefit o f this 
process is the ability to covalently couple molecules to the CNT via ester and amide 
bonds. Figure 3.3 gives an example of possible chemical functionalisation reactions6.
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The main benefit o f this is that by adding suitable functional moieties to the CNT
wall one can tune the electronic properties o f the CNT for the application required.
r - o  _
V
Figure 3.3: An example o f  chemical modification o f  the CNT through an oxidation process followed 
by subsequent esterification or amidisation o f  the carboxyl groups, image taken from literature6.
3.4 Synthesis of carbon nanotubes
Three main techniques are widely used to produce CNT: (i) arc discharge12;
(ii) laser ablation13 and (iii) chemical vapour deposition (CVD)14. All three processes 
require reduced pressure and process gases and will be described in the following 
sections.
3.4.1 A rc discharge
The arc discharge process derives from the process of Ceo production where 
carbon from the graphite rods is vaporised when an arc is struck between two 
graphite rods and redeposits on the negative rod. In detail, two carbon rods 
(approximately 90 % pure graphite and 5 - 2 0  nm in diameter) act as the anode and 
cathode. These are placed into a vacuum chamber and separated by approximately 1 
mm as shown in Figure 3.4. Helium is introduced and a current o f 50 - 120 A is 
drawn whilst an arc between the electrodes occurs. The cathode is water cooled to 
prevent overheating as in this process temperatures may reach 2500 - 3000°C. As the
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growth process proceeds the anode will be consumed and decrease in length. Carbon 
deposits are found on the negative electrode as well as the chamber walls1,12,15.
Figure 3.4: Schematic representation o f an arc discharge system.
The formation of SWCNT requires the use of catalysts, however, no catalyst 
is required for producing MWCNT. The CNT are usually found in the centre o f the 
cathode as a black soot surrounded by a hard grey shell. The grey shell and black 
region (Figure 3.5) are thought to be caused by the condensation o f carbon vapour 
and the temperature gradient due to the gas. The black soot also contains other 
nanoparticles such as fullerenes and amorphous carbon. To obtain pure CNT, a 
purification stage is required, which is costly and time consuming. Original methods 
o f purification were by oxidation and worked on the principle that defective 
nanoparticles and amorphous carbon material are more susceptible to oxidation than 
the pristine CNT. This process however can cause damage to the CNT walls and tips 
as previously described. Overall 99 wt.% o f the raw material is consumed during 
purification16.
Alternative methods have been sought to purify CNT produced by arc 
discharge more efficiently, these include the use of surfactants with successive
• 1 o
filiations or sonication and separation in organic solvents.
45
Carbon nanotubes
Figure 3.5: The material found to accumulate on the cathode during arcing. The grey outer shell is 
mainly amorphous carbon, whilst the inner black soot contains nanotubes1 .
3.4.2 L aser ablation
Laser ablation produces CNT by firing a pulsed laser at a graphite target, 
impregnated with catalyst particles such as Co, Ni and Fe, causing the target to 
vapourise in a high temperature reactor (Figure 3.6). An inert gas flows into the 
chamber during the vaporisation process and the vaporised carbon condenses to form 
CNT on the cool surface o f the reactor. The laser ablation technique is more efficient 
at growing SWCNT with a high yield compared to the arc discharge process. 
Therefore, this method is best suited to obtaining small quantities o f high quality 
CNT1’13’15.
Furnace at 1200°C
Water cooled Cu 
collector
Neodym i u m-yttri u m- 
aluminium-gamet 
laser
Graphite target
Figure 3.6: A laser ablation system where SWCNT are produced in a quartz tube at 1200 °C by laser 
ablation o f a graphite target19.
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3.4.3 Chemical vapour deposition
CVD has been a technique for depositing amorphous carbon films by 
catalytic decomposition of a carbon containing gas over a hot surface for over 100 
years20. As a method for CNT synthesis it gives the highest degree of control over 
CNT dimensions and is the method utilised for growth in Chapter 7 of this thesis. 
The overall energy required is lower than for arc discharge or laser ablation. To 
enable the CNT growth a metal catalyst is required such as Ni, Fe or Co. The catalyst 
is deposited onto the substrate surface and can be pre-pattemed, such that CNTs 
grow only in areas that have the metal catalyst. To grow CNTs the substrate is heated 
to the appropriate temperature and two gases are introduced (Figure 3.7). The first 
gas is a carrier gas such as nitrogen or hydrogen. The second gas is a carbon 
containing gas which is catalytically cracked at elevated temperatures transferring 
carbon to the catalyst particles. Acetylene is a carbon containing gas frequently 
utilised in this process1,14,13.
Vacuum chamber
Showerhead 
Gas flow 
Sample hotplate
Gas flow into system
Thermal 
control unit
MFC MFC
N'
MFC
CH4 H;
Gas sources
Figure 3.7: Schematic representation o f  the CVD system used in this thesis, more detail is given in 
Chapter 4.
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It has been shown that the diameter o f the resultant CNT is a function of the 
catalyst particle size14,21,22, whilst the length is determined by the temperature and 
time. Finally, through the application of suitable plasma throughout the growth 
process, the orientation of CNT in the direction of the applied electric field may be 
achieved. This process is referred to as plasma enhanced CVD (PECVD).
CNT growth can proceed via a base or tip growth mode. In the former, the 
catalyst particle remains attached to the substrate at the base o f the CNT. In the tip 
growth mode, the catalyst particle moves away from the surface as the CNT grows 
and is often seen as a bright spot at the end o f the CNT in SEM images where this 
mode has occurred. The growth mode can provide interesting information about the 
strength of the interaction between the catalyst layer and substrate
CVD allows CNT to be grown continuously and is arguably the best growth 
method for electronic applications. However, the CNT produced typically do not 
have such a good crystallinity as those produced via the arc discharge method and if  
defects are to be avoided, higher growth temperatures are required.
3.5 Summary of organic optoelectronic devices utilising CNT
In this section past and current research relating to the use of CNT in organic 
optoelectronic devices is reviewed with emphasis on OPVs. The use of CNT within 
such devices can be broadly split into three themes: (i) the use o f CNT as an electron 
acceptor in place of C6o, (ii) as a replacement for ITO (e.g. as an electrode material) 
and (iii) to improve the mobility and transport of charge carriers in devices.
The first reported attempt to use CNT organic optoelectronic devices was by 
Romero et al.23 in 1996. In this work diodes comprised a bi-layer of PPV and 
MWCNT were formed. The MWCNT film was prepared by filtration and produced 
an extremely rough film. To prevent electrical shorts a very thick PPV layer was 
required. The device exhibited a diode characteristic but no photo response owing to 
the requirement for such a thick PPV layer. This highlighted from an early stage one 
problem with the use of CNT within these devices, namely the potential for short 
circuits.
Soon afterwards in 1998 Curran24 et a l fabricated organic light emitting 
diodes (OLED) based on arc discharge grown MWCNT incorporated into the PmPV 
emissive layer, the results of which were extremely encouraging. They reported an
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increase in conductivity by up to eight orders of magnitude in OLED incorporating 
MWCNT as compared to pristine PmPV alone. In the same study it was also reported 
that OLEDs lasted up to five times longer than without incorporating MWCNT and 
were far more stable in air. The MWCNT were suggested to be acting as nanometric 
heat sinks, which prevented the build-up of large thermal effects, caused optically or 
electrically.
Soon after Ago et al.25 investigated composites of MWCNT and PPV. Thin 
films of MWCNT were spin coated onto supportive substrates followed by a PPV 
precursor which was cured at an elevated temperature. Ago et al. reported a drastic 
reduction in the photoluminescence efficiency which was attributed to energy and 
potential hole transfer from the PPV together with scattering and absorption by the 
MWCNT. As a photovoltaic device the MWCNT functioned as the hole collecting 
electrode and devices showed twice the quantum efficiency of those using ITO alone. 
The improved photoresponse was attributed to the formation of complex 
interpenetrating networks of PPV and MWCNT combined with the MWCNT higher 
work function as compared to ITO glass.
The most cited work on CNT and organic optoelectronic devices to date is 
by Kymakis et al.26'27, who blended poly(3-octylthiophene) (P30T) with SWCNT to 
form a heterojunction OPV, in which P30T  was the electron donor and SWCNT the 
electron acceptor. However, the purity o f the SWCNT used was estimated to be 
about 60 % and the SWCNT powder was claimed to contain some carbon encased 
metal particles, which makes drawing firm conclusions about the role of the SWCNT 
difficult. The conductivity o f such composites was shown to increase by five orders 
of magnitude as the SWCNT concentration increased from 0 to 20 wt%. The 
percolation threshold of these composites was reported to be 11 %, whilst the best 
OPV performance was achieved by using 1 wt% SWCNT27. Devices were fabricated 
using ITO and Al electrodes and had a Voc o f 0.7 - 0.9 V which was in good 
agreement with the MIM model26. The Voc was shown to be weakly dependent upon 
the negative electrode work function owing to Fermi level pinning26. It was also 
shown that SWCNT efficiently quench photoluminescence in conjugated organic 
materials28. The FF o f these devices changed from 0.3 to 0.4 whilst the Jsc increased 
by two orders of magnitude upon the incorporation o f 1 wt% SWCNT. This 
improvement in performance was attributed to photoinduced electron transfer at the
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P30T/SW CNT interface and enhanced electron conductivity. However, the power 
conversion efficiency of such devices was only 0.04 %. The low photocurrent 
produced was attributed to incomplete phase separation, poor light absorption and 
low hole mobility in the P30T. In an attempt to improve diode performance 
Kymakis coated SWCNT with a dye molecule which improved absorption in the UV 
and red regions of the spectrum, improving Jsc by five orders of magnitude to 1 
pA/cm2 29. This improvement was however particularly offset by a reduction in Voc 
and FF.
Although these results are encouraging, there is one major flaw, which is the 
purity o f the SWCNT used. The SWCNT were commercially obtained and grown by 
arc discharge with a SWCNT purity o f 60 %. The raw powder therefore contains a 
large proportion of carbon encased metal catalyst particles, carbon soot and other 
fullerenes such as C6o and C70. Furthermore, it is not clear as to the differing role 
semiconducting and metallic SWCNT may play in these devices, since the raw 
material is a mixture. This work has since been extended by Landi et al.30 on flexible 
substrates with better performance. Whilst the Voc remains very high (0.98 V), the 
overall performance is poor owing to the low photocurrent (0.12 mA/cm2).
McLesky et a l has very recently attempted to align SWCNT in a poly[2-(3- 
thienyl)-ethoxy-4-butylsulfonate] (PTEBS) polymer layer by applying an electric 
field as the PTEBS dries. The overall performance of these OPV is also poor (Voc = 
0.65 V, Jsc = 0.49 pA/cm2, F F =  0.35 and Ejf -  1.35 x 10'4 % )31 probably due to the 
thick PTEBS layers used (2.5 - 8 pm) to prevent shorting o f the OPV, although there 
is an order o f magnitude increase in conductivity when the SWCNT are aligned32.
Very recently Pradham et al.33 reported OPVs comprising o f functionalised 
MWCNT blended with P3HT with the subsequent evaporation of C60 on top to create 
a bi-layer heterostructure. They reported that the functionalisation helps create a 
homogeneous blend with P3HT, whilst the MWCNT also act as exciton dissociation 
sites, increasing the mobility for carrier transport. MWCNT concentrations used 
included 2 and 20 %. The SEM image in Figure 3.8 is that o f a 20 % concentration.
The MWCNT were purchased from Sigma-Aldrich and no information is 
given about their purity. From the SEM image, it appeal's that the functionalisation 
may have caused the MWCNT to become chopped into short straight sections
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limiting the extent to which they percolate through the donor layer. The performance 
was also exceptionally poor.
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Figure 3.8: SEM image o f a P3HT-CNTfilm (20 %) reproduced from 33.
Several researchers have recently reported the replacement of ITO with a 
SWCNT layer34,35,36. The main motivation behind this research is the fact that ITO 
remains expensive to produce. It is also reported that there are limited supplies of 
indium and ITO may not be flexible enough for future conformal devices. The use of 
CNT may allow flexible, transparent electrodes that can be fabricated easily by 
printing methods, reducing cost dramatically. The results published using different 
preparative methods are fairly similar with one major drawback: the high Rs o f the 
SWCNT and the requirement for a PEDOT:PSS layer to avoid current leakage.
Pasquier et aid4 who deposited a SWCNT film onto glass and subsequently 
added a PEDOT layer before the active P3HT:PCBM layer reported a Rs o f 282 O/n 
with a transmission of ~ 40 % at 550 nm. The devices had an exceptionally thick 
P3HT:PCBM layer (800 nm) and thus power conversion efficiency was limited to 
around 1 %, although they show that the device with SWCNT has a higher 
photocurrent. OPVs reported by Lagemaat et a l 35 are based upon a similar structure 
and show an enhanced performance with a PEDOT layer in between the SWCNT 
and P3HT:PCBM layers. The efficiencies are 1.50 and 0.47 % for devices with and 
without PEDOT respectively. They report exceptionally high Rs values and comment 
that these are a limiting factor to the device performance. Finally, Rowell et a l 36 has 
produced the best performing devices using this concept with a power conversion
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efficiency o f 2.5 % (AM 1.5 G). SWCNT were deposited by a printing method to a 
thickness of 30 mn on a polyethylene terephthalate sheet, this resulted in smooth 
homogeneous films. They again used PEDOT and found that it reduced the Rs by 20 
%.
3.6 Summary
In this Chapter, CNT have been introduced, firstly a brief history surrounding 
their discovery was given followed by a description of their structure and properties. 
CNT synthesis routes were then discussed and the Chapter closed with a commentary 
on the past and current research activities regarding the use o f CNT within organic 
optoelectronic devices with an emphasis on OPVs.
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4. Experimental procedures
4.1 Device structure and fabrication
Figures 4.1, 2 and 3 show schematic models for the device architectures used 
in this thesis. In particular, Figures 4.1 shows the bi-layer devices employed in 
Chapters 5 and 6 respectively. Figure 4.2 illustrates the construction of the blended 
device used in Chapter 7 and Figure 4.3 shows the construction used in Chapter 8 . 
Three individual devices were fabricated on each substrate with a typical device area 
o f ~ 8 mm2.
Device area
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tor layer 
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Figure 4.1 (a): Schematic representation the bi-layer donor/acceptor OPV used in Chapter 5 and 6 
(in Chapter 6 PEDOT:PSS is not used).
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Figure 4.2: Schematic representation o f  the hulk-heterojunction OPV used in Chapter 7. 
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Figure 4.3: Schematic representation o f  the OPV structure used in Chapter 8.
4.2. Anode preparation
4.2.1 ITO coated glass
Indium-tin-oxide (ITO) coated glass was utilised as the supportive, 
transparent conducting anode. All devices in Chapters 5 and 6 used ITO coated glass 
obtained from Merck (the work in Chapter 7 and 8 required the use of high 
temperature glass and will be discussed shortly). In its fabrication, ITO is uniformly 
coated (100  nm) onto polished soda-lime glass ( 1 . 1  mm thick) utilising a silica 
barrier layer to prevent any diffusion of sodium ions from the glass. The ITO has a 
nominal sheet resistance o f 20 O/n and a peak to peak roughness o f 10  nm or less, 
confirmed from atomic force microscopy (AFM). In this case, ITO has an optical 
transparency > 90 % at 520 nm.
<— V20 5
* — D/A Bulk-heterojunction 
<— Glass substrate
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The devices reported in Chapters 7 and 8 required a substrate that can 
withstand elevated temperatures of 500-600 °C, therefore ITO coated display Grade 
Corning 1737 glass was utilised. This aluminosilicate glass has a strain point of 666 
°C, anneal point of 721 °C and softening point o f 975 °C and was purchased from 
Delta Technologies. The typical composition o f aluminosilicate glass is 55.0 % Si0 2 , 
7.0 % B2O3, 10.4 % AI2O3, 21.0 % CaO, and 1.0 % Na20  (Delta Technologies data 
sheet). In comparison to ITO coated soda-lime glass, the passivation layer is absent - 
ITO is applied directly to the substrate. This substrate has a typical surface roughness 
o f 5 nm peak-to-peak, a sheet resistance o f 5 - 15 Q/n , a transmittance > 85 %, 
coating thickness ranging 120 - 160 mn and a substrate thickness o f 1.1 mm, (Delta 
Technologies data sheet).
4.2.2 E tching ITO
To test devices it was necessary to contact the electrodes with four probes. 
Due to the organic materials being thin and soft it is undesirable to bring a whisker 
probe directly on top o f the cathode, as shorting invariably occurs. To circumvent 
this problem, contact to the cathode was made where there was no risk of a shorting 
to the ITO directly below. This is achieved by etching a region o f ITO, leaving glass 
onto which the cathode will extend. (See Figure 4.4 for details). The process used to 
remove the ITO firstly requires the device anode area to be coated with enamel paint. 
Water was added to zinc powder to form a paste which was spread over the exposed 
ITO. Concentrated hydrochloric acid (HC1) was diluted with water (H2O) in a 1:1 
ratio, the HCkHfeO solution can then be dispensed onto the zinc paste covered ITO, 
etching the exposed ITO below. The area covered by enamel paint remains protected. 
Once the reaction had occurred substrates were washed in water to remove any 
residue and excess acid. The enamel paint was removed by sonicating the substrates 
in acetone.
Substrates must be meticulously cleaned prior to device fabrication to prevent 
contamination, formation of pinholes and shorts occurring. To facilitate this, 
substrates were sonicated for 30 minutes in toluene then in an aqueous solution of 
Decon 90, followed by acetone. Any residual contamination was removed using 
refluxing acetone vapour.
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Figure 4.4: Schematic diagram o f  device construction enabling four contact points fo r  measurements.
Substrates were then microwave oxygen plasma treated. This serves as an 
extremely efficient method for cleaning the surface of the substrate. The oxygen 
plasma treatment removes residual carbon from the surface, which accumulates due 
to solvent residue and exposure of the substrate to the atmosphere. In doing so the 
surface becomes hydrophilic easing the deposition of water based materials such as 
PEDOT:PSS.
4.3 Fabrication of organic layers by spin coating
The organic polymer semiconductors used in this work are readily dissolved 
in common solvents. This is beneficial as it enables the coating o f substrates from a 
solution using a spin coater. There are two distinct approaches to spin coating from 
solution: (i) the substrate can be spun at a constant angular velocity and the required 
amount of solution deposited onto the surface whilst it is spinning; (ii) the required 
material is dropped onto the substrate surface prior to commencing spinning. The 
resulting thickness o f the spun layer is determined by the specific spinning approach 
used, the solution concentration, the spin speed, spin duration and solvent. The 
precise film thickness can be measured using ellipsometry or by inspecting the edge 
profile using a scanning electron microscope (SEM).
4.4 Vacuum deposition of organics and metal electrode layers
Organic poorly soluble molecules such as C6o were deposited under vacuum 
using vapour deposition. These layers were followed by the deposition of a patterned 
cathode which was typically aluminium. The film depositions were performed in a
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modified Edwards multi-crucible evaporator at a pressure < 5 x 10'6 mbar. The 
material deposited was placed in a resistively heated boat or crucible typically made 
from the high melting point materials tungsten or molybdenum, as shown in Figure 
4.5. At < 5 x 10'6 mbar, few molecules exist and although they can hit the chamber 
wall they will seldom hit each other. This allows the vapour from the material source 
to travel until it hits a cold surface upon which it condenses to form a film.
B e l l  j a r  e v a c u a t e d
Figure 4.5: A simplified schematic o f a vapour deposition system.
Organic layers were deposited at a rate of 0.1 - 0.2 nm s '1, whilst metal 
cathode layers were deposited at a rate o f 0.5 - 1 nm s '1. A quartz crystal thickness 
monitor was used to measure film thickness. The thickness and deposition rate of the 
material are calculated from the settings entered by the operator and the change in 
the resonant frequency of the crystal.
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4.5 Microscopy
Scanning electron microscope (SEM) and scanning probe microscopy 
facilities were utilised for analysis of surface morphology, surface roughness and 
cross sectional examination of films.
4.5.1 Scanning electron microscopy
SEM produces high resolution, three dimensional images of an object with a 
large depth of field. It operates by utilising the wave nature of electrons, scanning an 
electron source in a raster fashion across the object. The SEM generates a beam of 
electrons generated under a vacuum. The energy of the beam can range from 100- 
200 eV to 50 keV. The electron beam is modified by several condenser lenses and 
focused by an objective lens to form a finely focused beam that can range from 1 nm 
to 5 nm in diameter (see Figure 4.6). Electromagnetic deflection coils move the beam 
across the objects surface in a raster fashion. The primary electrons strike the 
object’s surface and become inelastically scattered by atoms contained on the 
object’s surface. The interactions that occur cause secondary electrons to be released 
from the surface. The secondary electrons are subsequently collected by a 
scintillation material that converts each incident electron into a flash of light. The 
resulting flashes are amplified by a photomultiplier tube and a digital image is 
constructed from this. The SEM used for the work completed in this thesis was an 
FEI Quanta 2000.
Vacuum
Figure 4.6: Schematic drawing o f  an SEM showing the electron column, the deflection system and the 
electron detectors.
62
Experimental procedures
4.5.2 Atomic force microscopy
Atomic force microscopy (AFM) enables surface topography to be examined 
in great detail. A Digital Instruments Dimension X and Nanoscope III control system 
was used in tapping mode in this instance. Tapping mode provides high-resolution 
images with minimal damage to the sample surface. The AFM operates by utilising a 
silicon cantilever whose oscillation is controlled by a piezoelectric crystal close to its 
resonant frequency (50-500 kHz). At the end of the cantilever, a tip is found which 
interacts with the sample surface (Figure 4.7).
S a m p l e
Figure 4.7: Schematic representation o f an AFM showing the key components.
To understand the interactions between the tip and sample surface, it is worth 
recalling how the potential energy o f two atoms changes as their separation is 
reduced.
Where distances are less than rQ (< 0.1 nm) short-range repulsive interactions 
control. Where tip to surface distances are larger than r0 (1 nm < r < 10 nm) and 
there are no electrostatic potentials, attractive van der Waals forces dominate. The 
interaction occurring between tip and surface sample can be likened to the two-atom 
potential energy curve displayed in Figure 4.8. The repulsive and attractive regimes 
are called contact and non-contact respectively.
Whilst operating in tapping mode the cantilever is placed over the sample 
surface and allowed to periodically contact the surface at the point of maximum 
downward deflection. In air the amplitude at resonance is subsequently damped by 
the periodic contact with the surface sample.
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Figure 4.8: Potential energy diagram fo r  the interaction o f  two atoms, analogous to AFM tip-sample 
interaction.
A set-point amplitude is chosen so that the periodic contact is made with the 
minimum of force. As the tip travels across the surface, indentation and bumps 
change the damping force which causes a change in the amplitude o f oscillation. The 
detection of the cantilever oscillation is completed optically and relevant electronics 
alter the cantilever amplitude so that it remains at the set point amplitude.
Typically the system is set to measure a defined area for example 3 pm x 3 
p.m and will provide a detailed map of this area. The resolution in height is typically 
<0.1 nm. Tapping mode is preferred to full contact mode because surface damage is 
less likely, however it is imperative that the tip is in excellent condition otherwise 
spurious results and ghosting of features can occur.
4.5.3 Transmission electron microscopy
Transmission electron microscopy (TEM) is an imaging technique that 
utilises the wave properties of electrons to focus a beam of electrons on a specimen 
creating an enlarged image that can be viewed on a fluorescent screen or captured by 
a camera and computer. The electron beam is produced by thermionic discharge of 
electrons and the beam wavelength is dependent upon the electron energy which can 
be tuned by adjustment o f accelerating electric fields. The electrons are focussed 
onto the sample by using electric and magnetic fields. For this principle to work the 
specimen should be relatively thin enabling some electrons to penetrate through the 
specimen and allowing the details o f the specimen to be captured. High contrast is 
achieved by selecting apertures upon which unscattered electrons are collected. 
Sample preparation involves depositing a dilute solution of the material to be
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investigated onto a grid, which acts as a support material. The work completed in this 
thesis used a Phillips CM-200 TEM operated by Dr Vlad Stolajan.
4.6 Ellipsometry
Ellipsometry is an optical technique designed to measure properties o f 
surfaces and thin films including thickness. It calculates the thickness of a film by 
examining the changes in the polarisation state o f light from a coherent light source 
such as a laser which is reflected from the surface sample. If the thickness of a 
sample changes, the degree o f polarisation will alter accordingly. This enables the 
sample thickness to be deduced from the change in the light polarisation.
An automatic ellipsometer was used that was set to measure a sample by 
rastering across the sample, making a predefined number of measurements. A map of 
the sample surface is produced from the ellipsometer measurements that illustrates 
how the thickness o f the sample varies across the surface. One drawback of this 
technique is that light does not reflect suitably from samples on glass, therefore 
measurements are typically made on a silicon substrate.
4.7 Device characterisation
4.7.1 Photovoltaic response measurements
To ascertain the performance o f photovoltaic devices it is necessary to test 
them under standard illumination conditions, using a solar simulator. The solar 
simulator used was an Oriel solar 81160 with an AM 1.5 filter and is classed as type 
B having an irradiance uniformity of > 95 %, according to the IEC 904-9 standard1. 
The illumination is produced by a 300 W ozone free xenon lamp and is combined 
with the relevant optics and filters to generate the AM 1.5 spectrum. The simulator 
output spectrum is very similar to that o f the Sun, Figure 4.9 displays the output 
characteristics for comparison and also shows (inset) how the power percentage 
differs at certain wavelengths from that of the Sun2.
The simulator was calibrated using three calibrated power meters, a 
Molectron PS 19 thermopile, a Molectron PM500AD laser power meter and a Macam 
radiometer.
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Figure 4.9: Typical output distribution o f  Oriel 81160 direct simulator compared with AM 1.5 direct 
(ASTM E891) from 250 nm to 2500 nm:.
To measure the current voltage properties o f devices, a Keithley 2400 source- 
measure unit was utilised. The Keithley 2400 is capable of sourcing a voltage whilst 
measuring the actual voltage at the device terminals in conjunction with the device’s 
photo-generated current. The voltage source serves as a virtual load which enables 
the fourth quadrant response to be measured. The device was mounted on a custom 
made test bed and was illuminated though the glass side, as demonstrated in Figure 
4.10. Contact was made to device via four spring probes connected directly to the 
Keithley 2400.
As measurements were required over a range of values, a computer 
programme was written in Labview to facilitate automatic recording of device 
characteristics. From the IV  data recorded, it is possible to evaluate the Voc, Isc, FF 
and Eff o f the device in question, this approach makes testing quicker and more 
accurate.
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Light
(a)
(b) (c)
Figure 10: (a) Schematic diagram indicating how the devices were illuminated and connected to the 
Keithley 2400, (b) a photograph o f  the actual system used and (c) an exploded view o f  the solar 
simulator2.
4.8 Spectroscopy
4.8.1 Photoelectron spectroscopy
Photoelectron spectroscopy (PES) is a surface sensitive technique that can be 
used to probe the valence electronic, or core electronic states o f a material. There are 
two common regimes in which PES operates depending upon the source of radiation, 
each giving rise to different material information.
(i) Ultraviolet photoelectron spectroscopy (UPS)
(ii) X-ray photoelectron spectroscopy (XPS)
PES works on the principle of irradiating the material’s surface with the 
appropriate radiation source, which in the case of UPS is ultraviolet light, leading to
SHUTTER
AIR MASS
FILTER
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the emission o f valence electrons due to ionisation by the incident photons. In XPS 
an X-ray source is used to excite core level electrons of a material, atom or molecule 
to be emitted. An electron energy analyser is used to measure the kinetic energy o f 
the emitted photoelectrons from which a photoelectron spectrum can be produced 
and detailed analysis made (Figure 4.11).
From these two techniques, the information that can be gained about a 
material is vast. UPS is used in this thesis to gain quantitative values for a material’s 
work function and solid state ionisation potential. The work function is found using 
the high binding energy cut off point (.ECut-off), whilst the solid state ionisation 
potential level is calculated from the Fermi position (Ef) o f the UPS spectra. An 
example o f calculating these values for oxygen microwave plasma treated ITO is 
given in section 4.8.2. XPS is used to investigate the molecular bonding profile of 
functionalised MWCNT in Chapter 5. With the aid of characteristic binding energy 
signatures, each element can be distinguished along with information about its 
bonding environment.
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UPS and XPS experiments conducted in this thesis used an Omicron system 
employing a 21.22 eV helium discharge lamp as the UV source. The X-ray source 
was a Ka of 1489.6 eV source.
4.8.2 UPS of oxygen microwave plasma treated ITO
As part of a standard cleaning procedure, ITO coated glass substrates were 
exposed to an oxygen microwave plasma prior to device fabrication. This treatment 
removes surface carbon, exposing the intrinsically hydrophilic ITO and altering the 
work function3,4. Literature values for the work function of commercially obtained 
ITO span the range 4.1 to 4.8 eV5. This large variation results from differing ITO 
stoichiometry and deposition techniques. To investigate the effects of oxygen 
microwave plasma treatment on the ITO work function it was measured directly 
using UPS. The full UPS spectrum is shown in Figure 4.12 for oxygen microwave 
plasma heated ITO glass.
Binding Energy /eV
Figure 4.12: UPS spectra o f  oxygen microwave plasma treated ITO coated glass normalised to the 
maxima o f  the spectra.
The UV source excites electrons from the valence levels into the vacuum. 
The emitted electrons have a kinetic energy equal to the energy of the incident
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photon minus the binding energy of the state it left, these terms are related in the 
following formula.
Eb = h u - K E  + O s (41)
where Eb is the electron binding energy, hv represents the photon source; KE is the 
kinetic energy o f the emitted electron and Os is a correction factor to correct for the 
analyser work function.
For the work function, the point of interest is the high binding energy cut off, 
which can be found as depicted in Figures 4.13 and 4.14 below. In the case of the 
oxygen microwave plasma treated ITO (Figure 4.13) it is found that the point of 
intersection occurs at a binding energy o f 16.87 eV, the work function is found as
21.2 eV -  16.8 eV = 4.4 eV. The same principle can be applied to the as-received 
ITO (Figure 4.13) and the point of intersection occurs at a binding energy of 16.87 
eV, the work function is found as 21.2 eV -  16.98 eV = 4.2 eV. The work functions 
o f the treated and as-received ITO summarised in Table 4.1 show an increase in work 
function that is consistent with the previously documented effect o f oxygen plasma 
treated ITO coated glass6.
Binding Energy /eV
Figure 4.13: High binding energy cut-off o f  the oxygen microwave plasma treated ITO.
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Figure 4.13: High binding energy cut-off o f  as received ITO.
Sample O (eV ) Error (eV)
Plasma treated 4.4 ± 0.1
As received ITO 4.2 ± 0.1
Table 4.1: Summary o f the work function values measured by UPS fo r  0 2 microwave plasma treated 
ITO and as received ITO.
4.8.3 Absorption and transmission
The absorption and transmission measurements performed throughout this 
thesis were completed using a Varian Cary 5000 spectrophotometer which has UV, 
visible and near infra-red light sources. The instrument is capable o f measuring and 
comparing one sample and one reference at a time. The sample to be measured is 
placed in a cuvette or sample holder which then sits in the path of light before the 
photo-detector. The spectrophotometer then scans the wavelength range as defined in 
the setup preferences, before measurements are made, a background scan and zero 
scan are performed, this eliminates any noise from the results and also ensures that 
the photo-detectors are working correctly.
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4.9 Growth of carbon nanotubes
As described in Chapter 3, the growth o f CNT can be undertaken by means of 
the arc discharge process, laser ablation and CVD. The method most suitable for the 
growth of CNT for the studies completed in Chapters 7 and 8 is CVD. This is 
because it yields high densities o f MWCNT over large areas with relatively few 
impurities. A custom built CVD system, was employed for this purpose. Figure 3.7 
showed a simplified schematic representation o f the system used.
The system comprises o f a vacuum chamber that is evacuated via a rotary 
pump. Within the vacuum chamber is a sample hot plate, the temperature of which 
can be controlled via a thermal control unit. Directly above the hotplate is a fitting 
that resembles a showerhead designed to distribute the process gas evenly over the 
hotplate. The gases used were N 2, CH4 and H2. Each gas is connected to the main gas 
source and its flow rate is regulated by a mass flow controller (MFC). The system is 
fully manual. Details on the growth processes used are given in Chapter 6 .
4.10 Sources of materials
4.10.1 PEDOT:PSS. PmPV, PTEBS and P3HT
Poly(3,4-ethylenedioxythiophene) :Poly(styrenesulfonate) (PEDOT :PS S)
1.3% solution was purchased from Sigma-Aldrich and was kept at temperature of 
between 2 and 8 °C. Before use it was warmed to room temperature and filtered with 
a 4 pm PTFE filter to remove any aggregates.
The organic semiconductor poly(m-phenylenevinylene-co-2,5-dioctyloxy-p- 
phenylenevinylene) (PmPV) was also purchased from Sigma-Aldrich and used as 
received.
Water soluble polythiophene; sodium poly[2-(3-thienyl)-ethoxy-4- 
butylsulfonate] (PTEBS) was purchased from American Dye Source Inc. and used as 
received7.
Poly-(3-hexylthiophene) (P3HT) was purchased from Rieke Metals and also 
used as received. PmPV, PTEBS and P3HT were all weighed into desired quantities 
under a nitrogen ambient to preserve the original material.
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Figure 4.14: Chemical representation o f  (a) PEDOT.PSS, (b) PmPV (c) PTEBS and (d) P3HT.
4.10.2 MWCNT, C 60 and PCBM
High purity pristine and hydroxyl functionalised (> 90%) MWCNT were 
obtained commercially from Nanocyl and used as received for the work presented in 
Chapters 5 and 6 . The manufacturer stated the typical diameter and length of the 
MWCNT to be 10 nm and several microns respectively, which were confirmed using 
TEM (Figure 4.15).
C6o was purchased from MER Corporation with a purity of 99.9% and was 
used as received. C6o was vapour deposited, the method of which was explained 
previously.
H
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Figure 4.15: TEM images o f  MWCNTs examined to clarify their dimensions.
[6,6]-Phenyl-C6i butyric acid methyl ester (PCBM) was purchased from 
Nanocyl and was also used as received. PCBM was weighed into the desired 
quantities under a N2 ambient to help prevent material degradation.
4.11 Summary
In this Chapter the device fabrication processes along with the 
characterisation and measurement techniques used in this thesis were described. The 
system used for CNT growth was also discussed and finally the sources of materials 
were given.
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5. MWCNT -  poly(m-phenylenevmylene-co-2,5- 
dioctyloxy-p-phenylenevinylene) (PmPV): a 
functional nanocomposite for OPVs*
5.1 Introduction
Progress in OPVs has been rapid in recent years with ever-increasing power 
conversion efficiencies. However, the reported efficiencies are still too low for 
commercial applications1. The low power conversion efficiency is, in part, due to the 
low FF resulting from the low charge carrier mobility particularly in the donor layer. 
To accomplish the highest possible FF the cell Rs must be low in order to achieve a 
sharp rise in the forward current and the Rsh must be maximised to prevent leakage 
currents. Strategies to increase cell FF include reducing the thickness o f the 
photoactive organic layer(s) to reduce cell Rs. Unfortunately, this approach reduces 
the optical density and consequently the light absorption, thereby limiting the power 
conversion efficiency. Thinning the organic layer(s) also increases the risk of pin­
hole formation, particularly in polymer devices. Cell Rsjt can be increased through the
* The results presented in this Chapter appear in the following publication: Interpenetrating 
multiwall carbon nanotube electrodes for organic solar cells, Anthony J Miller. Ross A. Hatton and S. 
Ravi P. Silva, Applied Physics Letters, 89, 133117 (2006).
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use of an exciton blocking layer, although this adds to the complexity of the 
fabrication process.
This Chapter investigates the effect of incorporating pristine and chemically 
functionalised MWCNT into the donor layer o f bilayer OPVs in order to facilitate the 
extraction of positive charge earners (holes) and improve cell FF. The organic 
semiconductor PmPV was chosen as the donor material since it absorbs strongly in 
the visible spectrum and is known to solubilise MWCNT without the need for 
covalent functionalisation2.
5.2 Experimental details
Reference solutions of PmPV were prepared by mixing 7.5 mg ml' 1 PmPV in 
chloroform. Stable dispersions o f MWCNT in chloroform solutions o f PmPV were 
prepared by ultrasonically dispersing the desired quantity o f MWCNT in chloroform 
prior to adding PmPV. Functionalised MWCNT were prepared by reacting 
pentadecafluoro-octanoyl chloride with hydroxyl functionalised MWCNT. The 
coupling reaction was performed under nitrogen at 90 °C for a period o f twenty 
hours. The functionalised tubes were repeatedly washed with chloroform over a 0.2 
pm PTFE filter to remove unreacted acid chloride and dried prior to device 
fabrication.
PEDOT:PSS (1.3 wt% in water) was spin coated at 3000 r.p.m. for 30 
seconds onto pre-cleaned ITO coated glass substrates to a thickness of 50 nm and 
heated in air at 100°C for 10 minutes to expel moisture. The film thickness was 
measured using ellipsometry. To fabricate the donor layer PmPV solutions 
containing: 0 %, 0.25 %, 0.5 %, 1 % and 2 % MWCNT by weight (wt.%), were spin 
coated at 2000 r.p.m. for 20 seconds onto the PEDOT:PSS coated ITO glass 
substrates yielding a thickness o f 50 nm as measured by ellipsometry. All spin 
coating was performed in air under class-1000 clean room conditions. The acceptor 
layer was fabricated by depositing Ceo at 8 x 10'6 mbar to a thickness o f 50 nm by 
thermal evaporation. Without breaking the vacuum, a 50 nm aluminium counter­
electrode was evaporated through a shadow mask. To investigate the effect of 
annealing, complete cells were heated at a rate of 6 °C min"1 to a peak temperature of 
120 °C in an argon atmosphere. The anneal peak temperature was maintained for five 
minutes prior to cooling to room temperature and testing.
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An FEI Quanta 200 F scanning electron microscope (SEM) was used to 
image the MWCNT distribution within the PmPV layers deposited by spin coating 
onto PEDOT:PSS. Using an electron beam energy of 25 keV and sample tilt of 23° it 
was possible to probe the entire thickness of the PmPV layer. Atomic force 
microscope (AFM) measurements were made using a Dimension 3100 AFM under 
ambient conditions. Devices were tested using an Oriel solar simulator under AM 1.5 
D spectral illumination of 100 mW cm '2 (1 sun). All measurements were made in air 
immediately after device fabrication.
5.3. Reference OPV
It was necessary to fabricate reference bi-layer heterojunction OPVs in order 
to determine the benefits of incorporating pristine and functionalised MWCNT into 
the PmPV layer. Throughout this Chapter the reference devices are assigned the 
acronym 0% MWCNT, since they do not contain MWCNT. Figure 5.1 shows a 
schematic of the reference device and its associated energy level diagram.
ITO- m
Cathode
Acceptor layer 
Donor layer 
PED O T:PSS  
Glass substrate
(a)
ITO PEDOT: 
PSS
PmPV O at o Al
2.9 eV
3.7 eV 4.25 eV
5.2 eV
■
5.8 eV
6.1 eV
(b)
Figure 5.1: (a) Schematic o f reference device and (b) its energy level structure.
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Figure 5.2 shows a representative J-V  characteristic of a reference OPV under 
100 mW cm '2 AM 1.5 D illumination and under dark conditions. The OPV under 
light conditions has a Voc o f 0.75 V, a Jsc o f 1.05 mA/cm2, a FF of 0.246 and a power 
conversion efficiency (Ejj) o f 0.194 %.
V (Volts)
Figure 5.2: Characteristic JVplot of0%  MWCNT (reference) OPV.
From Figure 5.2 it can be seen that under light conditions the OPV has a 
relatively high Rs and low Rsh, indicated by the slope of the JV  characteristics at the 
Voc and Jsc conditions respectively. The high Rs can be attributed to the low hole 
mobility in the donor layer since there is no barrier to charge carrier extraction 
(Figure 5.1). The low Rsh is indicative of significant current leakage across the 
device.
As discussed in Chapter 2 a possible model for the Voc in OPVs is the MIM 
model, where the built-in potential across a thin film of an intrinsic, wide band gap 
material is determined by the difference in work function between the contact 
electrodes . From the energy level diagram in Figure 5.3, Voc is in good agreement 
with the work function difference (5.0-5.1 eV (PEDOT:PSS) ~ 4.25 eV (Al)), 
consistant with the MIM model. Notably, the anode work function is taken to be that 
of PEDOT:PSS.
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PEDOT: PmPV C60 Al
PSS ----------
2.9 eV
3.7 eV 4.25 eV
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5.1 eV
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Figure 5.3: The MIM model predicts the Voc to be determined by the difference in work function 
between the electrodes.
The Jsc o f this device structure is comparable to polymer-small molecule 
bilayer OPVs based on poly(p-phenylenevinylene) (PPV) and C6o in the literature4.
electrode Fermi levels align creating a built-in electric field proportional to the 
difference in electrode work function. The electric field assists in pulling holes 
towards the PEDOT:PSS coated ITO electrode and electrons towards the Al 
electrode. As can be seen from Figures 5.1 and 5.4, it is energetically favourable for 
holes to be extracted to the PEDOT:PSS/ITO electrode and electrons to the Al 
electrode since there are no barriers to charge carrier extraction.
Figure 5.4: Depiction o f  how holes and electrons migrate under short circuit conditions in the 
electric fie ld  formed by alignment o f  the electrode Fermi levels.
As described in Chapter 2, the MIM model shows that at short circuit conditions the
PMPV C60
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The dark J-V  characteristics indicate that there is current leakage across the 
OPV. The observed characteristic, although repeatable, is not common for devices of 
this structure: since the J  in forward and reverse bias is unusually large.
Post fabrication annealing of bilayer OPVs can dramatically increase Jsc and 
hence is a proven method to enhance device performance'^. The performance 
improvement can be attributed to the molecules comprising each layer becoming 
sufficiently thermally agitated to inter-diffuse, thereby increasing the heterojunction 
area. In this respect, the middle portion of the active layer is much like a bulk- 
heterojunction. OPVs were annealed in an argon atmosphere for 5 minutes at 120, 
150 and 200 °C. Figure 5.5 shows the J-V characteristics under simulated solar 
illumination for these devices.
V (Volts)
Figure 5.5: JVplot o f  0% MWCNT (reference) OPV annealed at 200, 150 and 120 °Cfor 5 minutes.
Voc and FF are increased for anneal temperature of 120 °C before decreasing 
with increasing anneal temperature. The degradation of cell performance above 120 
°C appears to correlate with a reduction in cell Rsh, indicative of pin-hole formation 
and thermally induced cell degradation.
Due to the improvement in performance at 120 °C it was decided to use this 
annealing temperature for the rest of the study. From Figure 5.5 it can be seen that 
the device annealed at 120 °C for 5 minutes has the following characteristics: Voc =
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0.9 V; Jsc = 1.43 mA/cm2; FF = 0.38 and Eff=  0.49%. The Voc has increased by 0.25 
V whilst the Jsc has increased by ~ 0.4 mA/cm" as compared to non-annealed 
devices.
Whilst the improvement in Jsc was expected, the initial increase and 
subsequent decrease in Voc was not. A possible explanation for the change in Voc is 
the evolution o f the PEDOTT:PSS work function upon annealing as previously 
reported by Huang et a l b where it is suggested that the absorption of atoms, 
molecules or ions will cause such an effect.
5.4 Fabrication of OPV with MWCNT dispersed within the donor 
layer
Owing to their high aspect ratio, MWCNT generally tend to aggregate in 
solution and have an extremely low percolation threshold in the solid state7. PmPV a 
derivative of PPV is reported to form stable dispersions of MWCNT in chloroform 
due to the conjugated backbone wrapping around the graphitic tubes rendering them
soluble and inhibiting the attractive van der Waals interactions that normally occur
2 • • between them . For thin film optoelectronic applications, it is imperative that the
MWCNTs are uniformly distributed within the thin films cast from solution, if the
MWCNTs were to aggregate, clump together or extend out of the donor layer device
shorting may occur.
Al
^60
PmPV / MWCNT—► 
P E D O T -*  
ITO — ►
Glass
□  o n
re»,fw MWCNT must be contained in donor layer to avoid problems 
with electrical shorting
Figure 5.6: This schematic diagram shows how the MWCNTs are confined to the donor layer.
To investigate the distribution of MWCNT within composite 
MWCNT/PmPV films spin cast onto PEDOT:PSS AFM studies were conducted on 
samples baked at 320 °C in air for 90 minutes. Baking oxidises the PmPV revealing 
the embedded MWCNT (Figure 5.7). The polycrystalline structure o f the underlying
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ITO is visible in the AFM images indicating that all o f the PmPV was removed by 
the air oxidation treatment. The AFM images revealed that for MWCNT loadings of 
< 2 wt.% the MWCNT are uniformly distributed within the PmPV layer. 
Furthermore, the peak-to-peak roughness and r.m.s roughness o f said films prior to 
oxidation (Figure 5.8), is less than 10 nm confirming that for MWCNT loadings < 2 
wt.% MWCNT do not protrude from the film surface, and are confined within the 
nominal film thickness of 50 nm.
Figure 5.7: Representative AFM images o f  a 50 nm film  o f  PmPV with (i) 2 wt.%, (ii) I wt.%, (iii) 0.5 
wt.% and (iv) 0.25 wt.% MWCNT spin cast onto PEDOT:PSS coated ITO glass. Image area: 5 x 5  
pm.
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Figure 5.8: Representative AFM image (image area: 3 x 3  pm) (i) and cross-section (ii) o f  a 50 nm 
film  o f  PmPV /  1 wt.% MWCNT spin cast onto PEDOT.PSS coated ITO glass. The surface roughness 
o f the film  is extremely low and comparable with that o f the underlying PEDOT.PSS ITO coated glass 
substrate. The RMS roughness is 0.9 nm.
Using an SEM with an electron beam of sufficiently high energy (25 keV), it 
was possible to investigate the distribution of 1 wt.% MWCNT within the organic 
layer further; since they are sufficiently thin to be semi-transparent to secondary 
electron emission. Figure 5.9 confirms the uniform distribution of MWCNT within 
the PmPV layer and is in good agreement with Figure 5.8 (ii).
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Figure 5.9: Representative SEM images o f  a 50 nm film  o f PmPV / I  wt.% MWCNT spin cast onto 
PEDOT.PSS ITO coated glass. The polycrystalline structure o f the underlying ITO is clearly visible 
indicating that the PmPV and PEDOT.PSS layers are sufficiently thin to be semi-transparent to 
secondary electron emission. The image areas are 6x6pm (i) and 3x3pm (ii).
The JV  characteristics for OPVs utilising 0.25, 0.5, 1 and 2 wt.% MWCNT 
are shown in Figure 5.10 (data for 0 wt.% MWCNT is also shown). The inclusion of 
MWCNT has resulted in a reduction of the Voc in all devices towards 0.4 V. The Jsc 
was slightly increased and the FF of the devices improved with increasing MWCNT 
loading. However, the Jsc in devices containing 2 wt.% was variable, the Jsc values 
observed with this loading were always equal to or greater than the values achieved 
with a 1 wt.% loading. The optimum device loading therefore lies around 1 wt.% and 
so the subsequent section relating to the effects of annealing employ OPV with 1 
wt.% MWCNT within the PmPV layer.
According to the MIM model, Voc is predicted by the difference in electrode 
work function, which is the case for cells with a 0% MWCNT loading. For MWCNT 
loadings > 0.25 wt.%, Voc is reduced by -  0.35 V to a constant value of ~ 0.40 V, as 
summarised in Figure 5.11.
Literature values for the work function of MWCNTs vary between 4.3 eV 
and 4.95 eV8,9,10. This spread o f values reflects the sensitivity of work function to 
surface defects and contamination, which depend strongly on the method of carbon 
nanotube synthesis and purification. According to the MIM model, the work function 
of the MWCNT used here is ~ 4.65 eV, which falls within the range of reported 
values determined directly using photoelectron spectroscopy.
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Figure 5.10: JV  characteristics o f devices 0, 0.25, 0.5, I and 2 wt.% MWCNT under light conditions.
% MWCNT wt.%
Figure 5.11: Summary o f  the Voc and FF o f  the bi-layer heterojunction organic solar cell: 
ITO/PEDOT: PSS/PmPV/CfifAl, as a function o f  wt.% MWCNT within the PmPV layer, under light 
conditions. The lines connecting data points are included to guide the eye and have no physical 
meaning.
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The reduction in Voc to a constant value of ~ 0.4 V indicates that some or all 
o f the MWCNT are in electrical contact with the PEDOT:PSS coated ITO electrode 
rather than isolated within the PmPV layer. Evidence that the reduction in the built-in 
potential cannot be attributed to partial shorting o f the electrodes by the CNT is two 
fold:
(i) Voc converges to ~ 0.4 V with increasing carbon nanotube concentration, 
rather than continuing to decline.
(ii) the cell Rsf, (indicated by the gradient o f the fourth quadrant response at V = 
0) remains unchanged when MWCNTs are introduced into the PmPV layer, 
indicating that the MWCNTs do not enhance current leakage across the 
device at the loadings and dispersions we have used in our cells.
As highlighted and shown in Figure 5.11 the cell FF is also increased when 
MWCNT are introduced into the PmPV layer, owing to a shaip rise in forward 
current. This change in the current-voltage characteristics is consistent with a 
reduction in cell Rs. For MWCNT loadings > 1 wt.%, the FF is increased by a factor 
o f 1.6-1.7 as compared to the reference device. This increase in FF is a function of 
MWCNT loading and appears to saturate for loadings >1 wt.%. The cell Rs is simply 
the sum of contributions from bulk transport within the organic layers, carrier 
extraction at the electrodes and transport through the contacts to the external circuit. 
To confirm that the MWCNT are in direct electrical contact with the underlying 
electrode thereby functioning as part o f the electrode, the current-voltage 
characteristics of single layer diodes comprising a 50 mn layer of PmPV with and 
without MWCNT were measured (Figure 5.12). Figure 5.12 provides direct evidence 
for the percolation o f MWCNT throughout the PmPV layer, since devices 
incorporating MWCNT are ohmic, whilst the PmPV devices retain the diode 
characteristic.
The reduction in Rs may therefore be attributed to a reduction in the ‘average’ 
distance over which positive charge earners (holes) formed at the organic 
heterojunction must traverse before extraction by the anode (or the formation of 
percolation paths). Whilst it is unlikely that all o f the holes formed at the organic 
heterojunction are extracted by MWCNT, it is suggested that geometrical field 
enhancement at the MWCNT greatly increases the range over which positive charge 
carriers can be efficiently extracted by each MWCNT. From a consideration o f the
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cell dimensions and the average dimensions of the MWCNT utilised, it is possible to 
estimate the geometric field enhancement factor due to the MWCNT11,12.
Figure 5.12: IV Characteristics o f  single layer diodes comprised o f PmPV and PmPV with 1 w.t% 
MWCNT.
If it assumed that the MWCNT have an average radius o f 5 nm (r) and length 
of 50 nm (I) whilst the electrode gap is 100 nm (d) the field enhancement factor (ya) 
can be estimated from the following formula.
ra{d)= rM = '*,)x\ - L/ d\
where
Ya(d =  oo)=  [ i /  +  2 .15 ]°9
and
Y a  = ~  5 •
The electric field enhancement due to the MWCNT may be as much as 5 times the 
built-in electric field, which would be expected to greatly enhance the efficiency of 
hole extraction.
(7.1)
(7.2)
(7.3)
88
MWCNT -  PmPV: a functional nanocomposite for OPVs
In thin film (< 100 nm) OPVs, charge carriers formed at the organic 
heterojunction are extracted by the built-in electric field and to a lesser extent the 
carrier concentration gradients. Consequently, a change in Jsc is indicative of a 
change in the electric field strength across the organic layers13. When MWCNT are 
incorporated into the PmPV layer, Jsc is reduced from 1.0 mA cm '2 in the reference 
cell to 0.8 mA cm ’2 for MWCNT loadings of 0.5 - 2 wt.% within the PmPV layer. 
Arguably, the effect on the electric field strength of the 50 % reduction in the built-in 
potential in cells utilising MWCNT is almost offset by the effective reduction in the 
electrode separation, since the MWCNT extend throughout the PmPV layer.
However, Figure 5.9 clearly shows that the density of MWCNT within the 
PmPV layer is very low. Consequently, the mean geometric reduction in the 
electrode separation is very small. Such a small reduction in Jsc is again evidence that 
the MWCNT efficiently extract positive charge carriers formed at the organic 
heterojunction. It is energetically favourable for holes to be transferred from the 
highest occupied molecular orbital of PmPV (5.8 eV) 14 to the Fermi level of 
MWCNT, where upon they are extracted to the external circuit along the highly 
conductive MWCNT.
MWCNT PmPV Cso Al
2.9 eV
3.7 eV 4.25 eV
- 4.65 eV
5.8 eV
6.1 eV
Figure 5.13: An energy level diagram for this system highlighting the MWCNT acting as the anode.
Previously it was shown that annealing improved device performance. To 
investigate this, OPVs were heated in an inert atmosphere to a peak temperature of
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120 °C for 5 minutes as previously described. Typical current-voltage characteristics 
made in the dark and under simulated solar illumination are shown in Figure 5.14.
V (Volts)
Figure 5.14: Typical current-voltage characteristics o f the bilayer heterojunction OPV:
ITO/PEDOT:PSS/PmPV/C60/Al: Reference cell (triangles); PmPV/1 wt% MWCNT (squares). 
Measurements were made under light (filled shapes) and dark (empty shapes) conditions. OPVs have 
been annealed to enable partial intermixing o f  the donor and acceptor layers.
For OPVs without and with MWCNT, the cell FF are increased from 0.32 to
0.48 respectively. The FF o f cells incorporating 1 wt.% MWCNT within the PmPV 
layer remains 50 % larger than that of the reference. Voc in the reference cell 
increases by 0.15 V upon annealing, whilst that o f the MWCNT device remains 
unchanged at ~ 0.4 V. This result is consistent with the evolution of the 
PEDOT:PSS/PmPV contact upon annealing resulting in the observed increase in Voc 
and is corroborating evidence that in OPVs incorporating MWCNT, the MWCNT 
form part of the hole extracting electrode. In cells with and without MWCNT, Jsc is 
significantly increased. Notably cells employing MWCNT within the PmPV layer 
exhibit the greatest increase in Jsc and largest Jsc. This result is further evidence that 
the MWCNT efficiently extract photo-generated positive charge carriers from within 
the device.
The power conversion efficiency o f annealed OPVs utilising MWCNT within 
the PmPV layer remains lower than that of the reference (0.37% and 0.5%
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respectively). In order to translate the large enhancement in cell FF and increase in 
Jsc achieved by incorporating MWCNT within the PmPV layer, into an improvement 
in power conversion E//, Voc must be increased, as this is dominating the E# o f the 
reference.
5.5 Enhancing Voc by chemically derivatising MWCNT
Previous studies have shown that the work function o f MWCNT can be 
increased by up to 0.8 eV by oxidising the MWCNT outer surface10. According to 
the MIM model, increasing the MWCNT work function should result in a 
commensurate increase in Voc. Therefore, if  the work function o f the MWCNT is 
increased whilst exploiting the benefits seen so far an improvement in device £//m ay 
be envisaged.
To test this hypothesis the outer surface of pristine MWCNT was acid 
oxidized by mixing the pristine MWCNT in a solution of H N 03 and H2SO4 at 130 
°C for 1 hour. The solution was then filtered using deionised water and a 0.2 pm 
filter and the MWCNT were left to dry in an oven overnight. The oxidised MWCNT 
did not disperse in chloroform even with ultrasonic agitation highlighting the need 
for compatibility between the surface functionality and the solvent/conjugated 
polymer.
To facilitate compatibility with PmPV and chloroform, commercially 
obtained MWCNT (Nanocyl) functionalised with surface hydroxyl moieties were 
derivatised, via ester linkages, with the electron withdrawing functionality 
pentadecafluoro-octanoyl chloride (Figure 5.15).
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Figure 5.15: Chemical representation o f pentadecafluoro-octanoyl chloride.
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Previous studies have shown that monolayers of fluorinated alkanes 
covalently bonded to oxide electrode surfaces increases the substrate work function 
by decreasing the surface potential13. MWCNT functionalised in this way were found 
to readily disperse in chloroform solutions o f PmPV.
S T  ■
L - r  J  • v
‘ v 4  % \
- . V •
! *1 > ..S ' \ * A
\
* —
A -
' ’
. < V
V
l  i , >
\
1 V  ^
2 /6 /_ QOo HV b p o t  Mcig 
16 41 PM 30 0 kV
W D  Pi<?b*siiit? Tilt t>00 G um ....  •
■. -
Figure 5.16: An SEM image taken o f  the MWCNT after functionalisation and repeated washing.
5.5.1 XPS of functionalised MWCNT
XPS measurements were undertaken to examine the elemental composition of 
the functionalised MWCNT in order to ascertain if the coupling reaction between 
pentadecafluoro-octanoyl chloride and the MWCNT had occurred.
Functionalised MWCNT in a solution of chloroform were deposited onto 
cleaned ITO coated glass substrates by drop casting. This enabled a relatively thick 
layer of functionalised MWCNT to form as the solvent evaporated, the ITO was then 
connected to the sample mount with silver paint in order to ensure a good electrical 
contact between the sample and chamber. Figure 5.17 shows the XPS spectra of C ls  
levels.
The counts per second refer to the measured data represented by the open 
black circles and fitted with the red envelope. The Shirley background is used to 
remove asymmetry from the recorded data so that appropriate models can be used to 
characterise the intensity under the peaks. The synthetic peaks attributed to sp2, sp~,
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C-O, C =0, CF4 and CF3 were fitted using standard computer software in agreement 
with the literature.
Binding Energy (eV)
Figure 5.17: XPS spectra o f functionalised MWCNT.
As can be seen from the fits, there is a significant amount of sp2 which is 
attributed to the graphite MWCNT. CF3 and CF2 bondings are also present, 
indicating the presence of the pentadecafluoro-octanoyl chloride moiety. It was not 
possible to verify ester linkage formation from the C 1 s XPS spectra, since the peak 
corresponding to C -0  is also expected to be present in the spectra of hydroxyl 
functionalised MWCNT. However, the absence of a C-Cl peak is indirect evidence 
for the coupling reaction.
5.5.2 UPS of functionalised MWCNT
The primary aim of functionalising the MWCNT with an electron 
withdrawing moiety was to increase the MWCNT work function in an attempt to 
increase Voc in OPV utilising the functionalised MWCNT as an interpenetrating 
electrode. The work function of the functionalised MWCNT was measured directly 
using UPS. The secondary electron cut-off point is shown in Figure 5.18. The point 
o f intersection of the trend lines of the two regimes occurs at a binding energy of 
16.45 eV, the work function is found as 21.2 eV - 16.4 eV = 4.8 eV.
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This value measured is very encouraging suggesting an increase in MWCNT 
work function as predicted to above ~ 4.65 eV. However, the degree of 
functionalisation may depend upon the number of OH moieties available on the 
MWCNT for attachment o f the electron withdrawing moieties, thereby limiting the 
maximum available change in work function.
E (Binding Energy eV )
Figure 5.18: UPS spectra o f functionalised MWCNT.
5.5.3 OPV characteristics
OPVs were fabricated with a loading of 1 wt.% and annealed at 120 °C in the 
manner previously described. The devices were tested and it was found that Voc 
increased by 0.21 V, from 0.40 V to 0.61 V consistent with an increase in the 
MWCNT work function as depicted in Figure 5.19. The JV  characteristics of these 
devices may be compared to those o f pristine MWCNT in Figure 5.20. Crucially, this 
increase in Voc is achieved whilst retaining a large FF (0.43) demonstrating the 
viability of this approach. In this particular case the increase in Voc raises the power 
conversion efficiency to 0.46 % which is comparable to that o f the reference.
Notably Jsc is not reduced upon incorporation of pristine or functionalised 
MWCNT into the PmPV layer, consistent with no change in the barrier height to hole 
extraction at the interface with the PEDOT:PSS. This is further evidence that the
94
MWCNT -  PmPV: a functional nanocomposite for OPVs
MWCNT form part o f the electrode, otherwise Jsc would be reduced due to the 
trapping of holes.
ITO PEDOT: PmPV C60 Al 
PSS
Pristine MWCNT. 
Functionalised
Figure 5.19: Energy level diagram illustrating the position o f the functionalised and pristine MWCNT 
work functions.
- 0.5
- 2.0
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1% w/w M W CNT : Light 
1% w/w M W CNT : Dark 
PmPV Light 
PmPV Dark 
— A—  1% Functionalised CNT Light 
— ^ —  1% Functionalised CNT : Dark
Figure 5.20: Comparison o f current-voltage characteristics o f  the bilayer heterojunction OPVs: 
Measurements were made under light (filled shapes) and dark (empty shapes) conditions.
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5.6 Summary
In this Chapter, we have investigated the use of pristine and functionalised 
MWCNT within the donor layer o f a bi-layer OPV. The MWCNT have been shown 
to act as an extension o f the PEDOT:PSS coated ITO electrode extending into the 
donor layer, reducing cell Rs and improving cell FF. It was shown that the Voc is 
dependent upon the MWCNT work function, which could be manipulated by suitable 
chemical functionalisation.
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6. A water soluble polythiophene - oxidised MWCNT 
composite donor layer for OPVs*
6.1 Introduction
In Chapter 5 it was shown that MWCNTs could be incorporated into a bilayer 
OPV as an interpenetrating large area anode. The FF was significantly improved 
primarily due to a decrease in the cell Rs. The cells Voc followed the MIM model and 
although pristine MWCNT reduced Voc it was shown that by suitably functionalising 
the MWCNT to increase the work function, Voc could be engineered.
This chapter describes the use of composite blends o f acid oxidised multi­
wall carbon nanotubes (o-MWCNT) and PTEBS as the donor layer in discrete 
heterojunction OPVs, which employ C6o as the electron acceptor. Importantly, water 
is used as the solvent to process the nanocomposites, which greatly increases the 
environmental compatibility o f the fabrication process. Additionally, o-MWCNT are 
integrated into the OPV structure without complicating the process of cell 
fabrication. A major consideration and to an extent a limitation on the work
* The results presented in this Chapter appear in the following publication: Water-soluble multiwall- 
carbon-nanotube-polythiophene composite for bilayer photovoltaics, Anthony J Miller. Ross A. 
Hatton and S. Ravi P. Silva, Applied Physics Letters, 89, 123115 (2006).
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completed in the previous chapter was the ability to successfully disperse MWCNT 
in quantity in the same solvent used to disperse the polymer: MWCNT tend to 
aggregate and therefore it was not possible to form stable dispersions greater than 2 
wt.% in chloroform. In this instance the solvent is water and acid oxidation is an 
effective means o f preparing concentrated and stable aqueous dispersions of 
MWCNT circumventing the aforementioned problem.
6.2 Acid oxidation of MWCNT and device fabrication
To form stable dispersions of o-MWCNT in de-ionised water MWCNT were 
ultrasonically dispersed in a 3:1 mixture o f concentrated sulphuric and nitric acid and 
left to reflux at 130 °C for 60 minutes prior to diluting with HPLC grade de-ionised 
water. The resulting dispersion was centrifuged and the acid supernatant decanted 
off. The remaining solid was repeatedly washed with HPLC grade water over a 50 
nm polycarbonate filter until the washings were pH 6-7. To determine the o- 
MWCNT loading, a known volume of the stock solution was completely dried and 
weighed. The typical diameter and length o f the o-MWCNT after acid treatment was 
confirmed using TEM to be 10 nm and several microns, respectively. Acid oxidation 
o f MWCNT is known to cut the outermost layers forming oxygen containing 
moieties including carboxylic acid and hydroxyl groups at the cut edges1,2'3. Figure
6.1 shows TEM images o f MWCNT. The image on the left shows a pristine 
MWCNT the central and right hand images show acid treated MWCNT.
Figure 6.1: Different degrees o f  acid treatment -  (left) a pristine MWCNT with walls intact, (centre) 
an acid treated MWCNT showing extreme cutting and rolling o f graphene surface layers and (right) 
a MWCNT acid treated according to optimised acid treatment,4 which has been less damaged.
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From these images it can be seen that graphene layers roll up where the 
MWCNT has been attacked by the acid, decorating the nanotube surface. Crucially, 
in addition to rendering MWCNT soluble in water, acid oxidation increases the 
MWCNT work function from close to that o f graphene (4.4 eV) to 5.0 - 5.1 eV2 
(section 6.3).
All OPVs were fabricated on ITO coated glass with a nominal sheet 
resistance o f 20 O/n. ITO substrates were cleaned and O2 microwave plasma treated 
before film deposition as described in previous chapters. The o-MWCNT were 
mixed in 1, 3.5 and 7.5 wt% with PTEBS in 0.1 M ammonia hydroxide solution to 
aid solubility. (Ammonium hydroxide is used to convert the polymer from its less 
soluble acid form to its more soluble base form). The PTEBS concentration used was 
7.5 mg ml' 1 and was mixed with the appropriate wt.% o f o-MWCNT. The solution 
was spin coated onto the ITO substrates at 700 r.p.rn. and then heated in air at 100 °C 
for 10  minutes to expel residual water and ammonia. Ceo was deposited in a vacuum 
system to a thickness of 50 nm and without breaking the vacuum, a 50 nm 
aluminium layer was evaporated as previously described. Devices were again tested 
using an Oriel solar simulator under AM 1.5 D spectral illumination o f 100 mW cm '2 
(1 sun) with all measurements being performed in air immediately after device 
fabrication. AFM and SEM measurements were conducted under ambient conditions. 
Reference OPVs were fabricated without o-MWCNT and throughout this Chapter, 
all reference cells are assigned the acronym 0% o-MWCNT.
6.3 Reference cell fabrication and characterisation of materials
6.3.1 Thermo-gravimetric analysis of PTEBS
Firstly, to ascertain if  heating the PTEBS in air to 100 °C for 10 minutes to 
expel residual water caused the material to oxidise, a thermo-gravimetric analysis 
(TGA) was undertaken. A small quantity of as received PTEBS was placed in a 
crucible and its mass constantly monitored as the crucible was heated from 25 -  800 
°C in air. Any change in mass with increasing temperature is indicative o f the 
material decomposing. Figure 6.2 shows how the PTEBS percentage mass changes 
with increasing temperature. Also shown is the first derivative o f the percentage 
mass change, which emphasises the temperatures at which maximum mass loss
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occurs. As can be seen there is an initial continuous reduction in the percentage mass 
between, 25 - 125 °C, with the next sharp reduction not occurring until 225 °C. The 
initial reduction in mass between 25 - 125 °C is attributed to residual solvent from 
the synthesis process and adsorbed moisture from the laboratory environment being 
driven off, subsequent mass losses at temperatures exceeding 200 °C are attributed to 
oxidative decomposition. From this experiment, it is therefore concluded that heating 
PTEBS to 100 °C for ten minutes in air does not adversely affect the integrity of the 
polymer, whilst being sufficient to drive-off residual solvents and H2O.
Temperature (°C)
Figure 6.2: TGA analysis o f PTEBS heated in air.
6.3.2 UPS analysis of PTEBS
In order to ascertain the valence band edge of PTEBS, UPS measurements 
were taken of PTEBS deposited onto ITO glass. The position o f the HOMO with 
respect to the vacuum level (ionisation potential) was determined using the same 
method described in Chapter 5 and found to be 5.1 eV (Figure 6.3), which is in 
excellent agreement with that determined by cyclic voltamperometry3,6.
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Figure 6.3: UPS spectra o f  the high binding energy cut-off and valence band edge (inset) used to 
determine the ionisation potential o f PTEBS.
6.3.3 Absorption analysis of PTEBS and o-MWCNT/PTEBS composites
Typically, organic semiconductors will absorb in the ultraviolet and visible 
parts of the electromagnetic spectrum as a result of electronic transitions between the 
HOMO and LUMO states. Figure 6.4 shows the absorption spectra o f PTEBS, o- 
MWCNT and PTEBS/o-MWCNT composite between 200-1200 nm. When the 
polymer is dissolved in water, absorption is confined to the region below 600 nm 
having an absorption band edge at ~ 560 nm, corresponding to an optical band gap of 
~ 2.2 eV7,8. Previous studies have shown that it is possible to modify the absorption 
spectra of PTEBS by changing the pH of the solution3. Upon reducing the pH, an 
additional peak appears at 773 nm and the solution changes from orange to dark 
green3.
From the o-MWCNT spectrum, it can be seen that o-MWCNT absorb 
throughout the measured energy range with a peak maximum at ~ 280 nm assigned 
to the 7t-7r* optical transition (~ 4.4 eV energy transition) from the density of states 
previously identified by Ago et al.2.
The composite spectrum which is the superposition of the o-MWCNT and 
PTEBS spectra indicates the absence o f significant ground state electronic or charge
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transfer interactions between the two materials under low white light intensities. The 
absence of a new peak at 773 nm also indicates that the PTEBS is not, to any 
significant extent, doped by protons associated with the acidic oxygen moieties on 
the o-MWCNT surface.
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Figure 6.4: Absorption spectra between 200-1200 nm o f PTEBS, o-MWCNT and PTEBS/o-MWCNT 
in water.
6.3.4 Reference OPV
Figure 6.5 shows a representative JV  characteristic of a 0% MWCNT OPV 
under 100 mW cm '2 AM 1.5 D illumination and under dark conditions. The OPV 
under light conditions has a Voc of 0.64 V, a Jsc o f 1.37 mA/cm2, a FF o f 0.50 and an 
Eff of 0.44%.
Whilst the Jsc is as expected, it can be seen from the energy level diagram 
(Figure 6 .6) that the Voc does not correlate with the difference in electrode work 
function (0.1 V). The origin of Voc in heterojunction OPVs is somewhat controversial 
but it has a maximum value given by the difference in energy between the acceptor 
LUMO and donor HOMO9,10. Figure 6.6 shows that this difference would result in a 
maximum Voc o f 1.4 V, which is much larger than Voc indicating that the electrode 
Fermi levels are not well aligned with the relevant molecular orbital in the adjacent 
organic semiconductor.
103
A water soluble polythiophene - oxidised MWCNT composite donor layer for OPVs
It was previously shown that the work function of ITO can be increased by as 
much as 0.4 eV by placing self-assembled monolayers (SAM) of phosphonic or 
carboxylic acid on the surface, with a negative dipole facing outwards11. PTEBS 
contains SO3' which is acidic in nature and very electronegative and may therefore 
create a negative dipole pointing out from the ITO increasing the ITO work function.
Voltage (V)
Figure 6.5: JV  characteristics o f ITO/PTEBS/C6(/A l reference OPV under AM  1.5 simulated solar 
light and dark conditions.
ITO PTEBS PCBM Al
3.1 eV
Figure 6.6: Flat-band energy level diagram o f  the ITO/PTEBS/C60/Al device.
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Conversely, it is possible that the energy level alignment at the A1/C60 
interface is not as depicted owing to the formation of an interfacial dipolar layer, 
effectively reducing the cathode work function.
6.4 Fabrication of devices composed of MWCNT composites
6.4.1 Dispersion of o-MWCNT
It was found that o-MWCNT readily formed concentrated aqueous 
dispersions with PTEBS that could be spun cast onto ITO glass to form thin films of 
uniform thickness. Figure 6.7 shows a series o f AFM images of the said spun films 
containing; 0, 1, 3.5 and 7.5 wt.% o-MWCNT. Since o-MWCNT are electrically 
conducting, it is essential that they are confined within the donor layer to avoid short 
circuiting the device.
0 ) (ii)
Figure 6.7: Representative AFM images o f  PTEBS with 0 (i), 1 (ii), 3.5 (iii) and 7.5 (iv) wt.% o- 
MWCNT, all images 3 x 3pm.
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As can be seen from the AFM images the o-MWCNT are randomly 
distributed within the PTEBS and their number increases as the wt.% increases. To 
investigate if  the o-MWCNT had an effect on the film height a cross-section of the 
AFM images was taken from the bottom left to top right corners, the results of which 
are presented in Figure 6 .8. It can be seen that the height distribution o f the cross- 
sections is comparable for all MWCNT loadings. Furthermore, the r.m.s roughness 
o f all composite films is comparable, this is further evidence that o-MWCNT are 
uniformly distributed and confined within the PTEBS.
Distance (fj.ni)
Figure 6.8: r.m.s roughness o f PTEBS with 0 (A), 1 (B), 3.5 (C) and 7.5 (D) wt.% o-MWCNT, where 
A, B, C and D correspond to i, ii, iii and iv in Figure 6.3.
As in the previous Chapter the SEM was used to also investigate the CNT 
distribution within the composite film. Images were acquired using an electron beam 
energy of 25 keV to probe the entire film thickness (Figure 6.9). The images confirm 
an increase in o-MWCNT density as the loadings are increased, and also confirm that 
the o-MWCNT are uniformly distributed with the PTEBS layer.
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Figure 6.9: SEM images o f PTEBS with 1 (i), 3.5 (ii) and 7.5 (iii) wt.% o-MWCNT, images were 
taken at an angle o f approximately 32° to gain better definition o f the o-MWCNT.
6.4.2 o-MWCNT/PTEBS OPVs
The AFM and cross-sections in Figures 6.7 - 6.8 clearly show that o- 
MWCNT can be incorporated into the PTEBS without protruding from the surface. 
Figure 6.10 shows typical JV characteristics, whilst Table 6.1 summarises the typical 
values for Voc, Jsc, FF and Eff for OPVs with and without o-MWCNT dispersed 
within the PTEBS donor layer. From the typical values in Table 6.1 it can be clearly 
seen that the inclusion of o-MWCNT within the OPV structure improves the FF by ~ 
20 % resulting in a commensurate increase in %  Notably, the increase in FF 
remains constant over the full range of o-MWCNT loadings investigated. Both Jsc 
and Voc are almost unchanged upon incorporation of o-MWCNT.
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The large increase in FF upon incorporation of o-MWCNT results from a 
reduction in Rs, which is evident as an increase in the gradient of the photoresponse 
close to Voc (Figure 6.10). The cell Rs is the sum of contributions from bulk transport 
within the organic layers, carrier extraction at the electrodes and transport through 
the electrodes to the external circuit. Since the highest occupied molecular orbital 
(HOMO) of PTEBS (5.0-5.3 eV)7 and the Fermi level of o-MWCNT (5.0-5.1 eV2,4) 
are well aligned (Figure 6.11) it is likely that the highly conductive o-MWCNT 
facilitate hole transport through the PTEBS layer to the ITO electrode.
Figure 6.10: Typical current-voltage characteristics o f  OPVs with varying wt.% o f o-MWCNTs 
dispersed within the PTEBS layer.
o-MWCNT
wt%
Voc (Volts) Jsc (mA/cm2) FF Eff
0 0.64 1.37 0.50 0.44
1 0.61 1.37 0.63 0.53
3.5 0.60 1.43 0.62 0.53
7.5 0.59 1.52 0.61 0.55
Table 6.1: Summary o f  average device characteristics, under 1 sun simulated solar illumination.
108
A water soluble polythiophene - oxidised MWCNT composite donor layer for OPVs
ITO PTEBS C60 Al 
3.1eV
3.7eV
4.4eV 4.3eV
o-MWCNT
5.0eV
5.1eV
6.1eV
Figure 6.11: Energy band structure o f  a PTEBS: o-MWCNT/C60 OPV based on UPS measurements o f  
the microwave oxygen plasma treated ITO glass and o-MWCNT work functions 4.4 eV and 5.0 eV  
respectively - and the previously reported HOMO and LUMO energies o f  PTEBS7 and C609.
The AFM measurements of PTEBS and PTEBS/o-MWCNT films presented 
earlier (Figure 6.7) showed that the surface roughness is not significantly changed 
upon incorporation o f o-MWCNT into the PTEBS layer for all o f the loadings 
investigated. Consequently, the small increase in Jsc (Table 6.1) cannot be attributed 
to an increase in the PTEBS/C60 interfacial area. MWCNT are known to quench 
photoluminescence in conjugated polymers, which would be expected to reduce 
Jscll'U■ However, Jsc in cells incorporating o-MWCNT is actually slightly increased. 
One possible explanation is that o-MWCNT do not reduce the photocurrent by 
quenching excitons formed in the PTEBS prior to dissociation, since the HOMO of 
PTEBS and the Fermi level o f o-MWCNT are well aligned. Alternatively, it may 
indicate that each o-MWCNT is coated with a PTEBS thickness greater than twice 
the exciton diffusion length, which is typically less than 10 mn in semiconducting 
polymers14.
The very small reduction in Voc can be attributed to the o-MWCNT being 
completely coated with PTEBS preventing direct contact with the underlying ITO 
electrode. However, since the Fermi level of o-MWCNT and the HOMO of PTEBS 
are well aligned, o-MWCNT facilitate conduction, rather than trapping o f holes on 
their path to the ITO electrode.
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Finally, from Figure 6.10 it is also clear that the Rsi, is unchanged upon 
incorporation o f o-MWCNT. This is evidence that o-MWCNT do not contribute to 
leakage currents across the device, degrading the performance.
6.5 Summary
In summary, we have fabricated novel discrete heterojunction solar cells using an o- 
MWCNT:PTEBS nanocomposite donor layer and C60 acceptor layer. Inclusion of o- 
MWCNT within the PTEBS donor increases FF by ~ 20 % resulting in a 
commensurate increase in power conversion efficiency. This improvement in 
performance is attributed to a reduction in Rs resulting from improved hole transport 
within the PTEBS layer. Crucially, this composite material is processed from 
aqueous solution making it environmentally compatible and low cost.
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7. Carbon nanotubes grown on In20 3:Sn glass as 
large area electrodes for OPVs*
7.1 Introduction
To date, the most efficient OPVs have been built upon the bullc- 
heterojunction concept, comprising phase separated blends o f solution processed 
donor and acceptor molecules1,2. Power conversion efficiencies as high as 5 % 3 
under simulated AM 1.5 solar illumination have been reported showing that 
processing parameters such as drying time4,5 and post-deposition annealing6 are key 
to realising high efficiency.
As previously stated, the main factor affecting power conversion efficiency is 
the low Jsc, which is dependent upon the ability of the photoactive material(s) to 
efficiently absorb photons, dissociate excitons and transport charge earners to the 
respective electrodes. The Jsc is hindered by the fact that disordered organic materials 
have poor exciton diffusion lengths and low charge carrier mobilities7. Low exciton
* The results presented in this Chapter appear in the following publication: Carbon nanotubes grown 
on In20 3:Sn glass as large area electrodes for organic photovoltaics, Anthony J Miller. Ross A. 
Hatton, G. Y. Chen and S. Ravi P. Silva, Applied Physics Letters, 90, 023105, (2007).
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diffusion lengths are largely overcome in bulk-heterojunction structures which have
however, the low charge carrier mobilities - particularly that o f holes - still remains a
absorbance resulting in a commensurate reduction in the light harvesting capability
extends into the active organic layer, extracting charge carriers close to the point of 
generation (Figure 7.1).
The previous chapters have shown that it is possible to successfully 
incorporate MWCNT into bilayer OPVs, leading to an improvement in FF and, E/f. 
However, in both cases the MWCNT densities remained low due to problems 
associated with dispersing high densities of MWCNT uniformly in a conjugated 
polymer solution. This Chapter describes the controlled growth o f MWCNT directly 
onto ITO coated glass using CVD to realise large area electrodes with high optical 
transparency suitable for organic solar cell applications. The primary advantages of 
this approach over simply mixing MWCNT with the active organic matrix are three
(i) The MWCNT are directly bonded to the ITO substrate enhancing the 
mechanical stability of the contact;
(ii) This approach guarantees that all MWCNT are in direct contact with the 
underlying ITO electrode ensuring a continuous pathway to the external 
circuit;
(iii) Since the MWCNT are o f controlled dimensions and are not randomly 
distributed within the active organic matrix, it is possible to avoid problems 
associated with electrical shorting, such that the MWCNT penetrating the 
photoactive layer, without compromising the integrity o f the diode.
nano-scale phase separation8 o f the donor and acceptor organic semiconductors,
limiting factor. The simplest means of overcoming this problem is to reduce the 
active layer thickness. As described in Chapter 2 this approach reduces the optical
o f the device9. The ideal approach is the use o f an interpenetrating electrode which
fold:
Al cathode
<— LiF
4— D/A Bulk-heterojunction 
<— Glass substrate
Figure 7.1: A schematic representation o f  the proposed OPV structure.
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7.2 Experimental details
All OPVs were fabricated on ITO coated aluminosilicate glass (5-15 Q /□) 
which ensured its stability toward the elevated temperature used during CNT growth. 
The ITO coated aluminosilicate glass substrates were cleaned and microwave oxygen 
plasma treated as previously described. Nickel films were initially evaporated, but 
eventually sputter coated onto the ITO coated aluminosilicate glass substrates. 
MWCNT were grown via acetylene pyrolysis using hydrogen as the carrier gas for 
which further details will be given later in this chapter. After the growth process, 
substrates were allowed to cool to room temperature under nitrogen before solar cell 
fabrication or inspection in the SEM.
For all OPVs fabricated, P3HT:PCBM (18 mg ml"1 : ! 8 mg m l'1) blends in 1,2- 
dichlorobenzene were spin cast at 650 r.p.m. and allowed to dry for 1 hour in a 
covered petri-dish. LiF was deposited to a thickness o f 1 mn on all devices, followed 
by a 50 mn aluminium counter electrode evaporated through a shadow mask to form 
the top electrode. The photoactive device area was typically 8 mm2. OPVs were 
tested using an Oriel solar simulator under AM 1.5 D spectral illumination o f 100 
mW cm" (1 sun) immediately after device fabrication as described in Chapter 3.
7.3 Results and discussion
7.3.1 Growth and characterisation of MWCNT on ITO
The most recently reported efficient bulk-heterojunction devices have an 
active layer thickness o f approximately 200  nm 10,11,12 in order to maximise light 
absoiption. As described in the previous two chapters, it is imperative that the 
electrodes do not short the diode and so the MWCNT grown on the ITO surface must 
be contained within the photoactive layer thickness. In this case, the method of 
choice for MWCNT growth is CVD which is arguably best suited for large area 
electronic applications owing to the ability to produce high yields with relatively few 
impurities, combined with the ability to control MWCNT dimensions via the size of 
the metal particles and the growth time.
The growth of MWCNT using CVD requires a catalyst layer. Previous 
reports pertaining to CNT grown on ITO glass used a thick (~ 15 nm )13,14 catalyst
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layer which renders the substrate virtually opaque and unsuitable for optoelectronic 
applications. In this case the catalyst layer thickness was kept < 5 nm to ensure thin 
MWCNT and minimal loss of transparency.
The first attempt to grow MWCNT on ITO coated aluminosilicate substrate 
employed a 2 nm evaporated Ni film. The parameters chosen were to heat the 
substrate to 550°C and expose to 3 standard cubic centimetres (seem) hydrogen and 
100 seem acetylene for six minutes. Figure 7.2 is an SEM image of the first growth 
attempt showing MWCNT growth on the sample surface. Unfortunately, subsequent 
attempts to repeat this result proved inconsistent. However in all cases, it was 
observed that the rate of MWCNT growth on ITO was very much slower than that on 
glass substrates (Figure 7.3), suggesting that the ITO may be poisoning the Ni 
catalyst layer.
Figure 7.2: MW CAT grown on ITO coated aluminosilicate glass; parameters: 6 minutes, 550 °C, 2 
nm Ni.
Various combinations of growth time, temperature and Ni thickness were 
investigated in order to achieve uniform and reproducible MWCNT growth over the 
entire sample surface. The effect o f exposing the Ni coated ITO to hydrogen gas at 
elevated temperatures prior to acetylene pyrolysis in order to remove any oxide 
formed on the catalyst particles was also investigated. Often, the surfaces appeared 
extremely clean or vigorous growth occurred solely from areas of contamination (e.g. 
solvent residue) on the sample surface as can be seen in Figure 7.4. Possible 
explanations for the inconsistency and problems encountered include:
(i) Contamination of the Ni catalyst by In and Sn from the underlying ITO. ITO 
glass is known to contaminate the active organic layers in organic light-
115
Carbon nanotubes grown on In20 3:Sn glass as large area electrodes for OPVs
emitting diodes with these metals, neither of which, are known to catalyse 
CNT growth15.
(ii) Rapid diffusion of Ni into the polycrystalline ITO coated aluminosilicate 
glass substrate at the temperatures required for acetylene pyrolysis.
(i) (ii)
Figure 7.3: (i) SEM image demonstrating the growth rate o f MWCNT on glass compared to ITO fo r  a 
4 minute growth period, (ii) A higher magnification image o f (a) showing the dense random growth o f
CNT.
Figure 7.4: SEM image o f  a bundle o f  MWCNT tubes grown on solvent residue on the ITO surface 
after growth at 550 °C.
To overcome the aforementioned problems, it was decided to increase the 
catalyst layer thickness at the expense of optical transparency. Also, due to the high 
throughput of samples, sputtering was chosen as the preferred method for Ni 
deposition. After numerous growths and SEM inspections, it was found that a Ni 
layer thickness o f ~ 5 nm at 550 °C with 3 seem acetylene and 100 seem hydrogen 
for 50 minutes was required to achieve optimal MWCNT growth. The SEM image in
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high density.
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Figure 7.5: SEM image showing the uniform coverage o f MWCNT on ITO grown under optimised 
growth conditions (50 min, 550 °C, 5 nm Ni).
To investigate the quality of the MWCNT grown on ITO, a TEM study was 
undertaken. The MWCNT covered ITO coated aluminosilicate glass substrates were 
placed in a vial containing methanol and ultrasonically agitated for several minutes. 
Sonication caused the MWCNT to become detached from the ITO surface and 
suspended in solution. A sample o f the MWCNT suspension in methanol was 
deposited onto a TEM grid ready for inspection in the TEM. The high-resolution 
TEM images in Figure 7.6 confirm a multi-wall, defective structure.
(i) (ii)
Figure 7.6: (i) TEM image showing a MWCNT removed from the ITO substrate; (ii) A higher 
magnification TEM image o f  (i) showing the graphitic structure o f the MWCNT and the Ni catalyst 
particle.
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For the current application, defective MWCNT are ideal since MWCNT are 
intrinsically metallic in nature and the defective structure will facilitate adherence to 
the adjacent active organic semiconductor. Figure 7.6 also confirms that the 
MWCNT are of suitable dimensions so to penetrate extensively into the 
P3HT:PCBM layer without extending all the way to the counter electrode.
The SEM and TEM images shown in Figures 7.5 and 7.6 respectively also 
reveal interesting information about the MWCNT growth mechanism. As described 
in Chapter 3, there are two growth modes, namely tip or base growth. The SEM 
image shows many white spots at the nanotube tips indicative o f a contrast difference 
due to a difference in material density/composition. The white spots are in fact Ni 
particles which suggest that growth occurs at the nanotube tip. The TEM image 
corroborates this as can be seen by the spherical black spot at the nanotube tip. 
(Since TEM image is composed o f transmitted electrons the Ni catalyst particle 
appears as a dark spot).
The tip growth mode proposed by Endo16 and co-workers is on the basis that 
carbon is supplied to the catalyst particle until the saturation point at which a tubular 
carbon structure forms, using the catalyst particle as a template. Nanotube growth 
raises the catalyst particle from the surface and the CNT forms as depicted in Figure 
7.7. This growth method also indicates that the attractive forces between the Ni and 
ITO substrate must be weak for the catalyst particle to lift off the surface.
Catalytic
► A -
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Figure 7.7: The tip growth method proposed by Endo et al., image reproduced from reference 16, this 
image also highlights that the width o f the CNT is determined by the Ni particle size.
7.3.2 Optical properties of substrates
The optical transmission of the ITO coated aluminosilicate glass substrate, a 
5 nm nickel ITO coated aluminosilicate glass substrate and the substrate after 
MWCNT growth are shown in Figure 7.8.
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Wavelength (nm)
Figure 7.8: Transmission spectra o f ITO glass, ITO glass coated with 5 nm Ni and ITO coated 
aluminosilicate glass with grown MWCNT. The absorption profile o f P3HT.PCBM is included for  
reference.
The absorption profile of the P3HT:PCBM used for device fabrication is also 
shown. The optical transmission of the ITO coated aluminosilicate glass at the 
maximum absorption of the P3HT:PCBM blend: ~ 550 nm, was ~ 90 %. The 
transmission of the Ni coated substrate and MWCNT coated substrates at the same 
wavelength were ~ 75 % and ~ 60 % respectively. The growth o f MWCNT had 
reduced the transmission by 30 %.
Interestingly, the transmission through the substrate after MWCNT growth 
exceeds that of the bare ITO and Ni coated ITO at near infra-red wavelengths. This 
increase would have negligible effect on the device performance in the current 
situation as the P3HT:PCBM blend absorbs most strongly around 500 nm. However, 
for future OPV which harvest longer wavelengths this is an important feature.
The percentage transmission through the electrode depends on how much 
light is absorbed by the material and how much light is reflected at the interfaces. It 
is unlikely that the addition of MWCNTs causes a decrease in absorption and more 
likely that the reflectance is reduced at longer wavelengths due to better coupling of 
light through the layers in the material.
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7.3.3 Characterisation of OPV
To make a valid comparison as to the effect of adding MWCNT to the OPV 
structure, it was necessary to fabricate reference devices. In this case it was also 
considered necessary to fabricate reference cells containing a 5 nm Ni film. Figure
7.1 showed a schematic of the device structure incorporating MWCNT, the reference 
device had the same structure but without MWCNT, whilst the Ni device contained a 
5 nm Ni layer between the ITO and P3HT:PCBM blend. The JV  characteristics are 
summarised in Figure 7.9.
V  (V olts)
Figure 7.9: JV  characteristics o f  the reference device (ITO/P3HT:PCBM/LiF/Al), MWCNT 
(ITO/MWCNT/P3HT:PCBM/LiF/AI), and Ni (ITO/Ni/P3HT:PCBM/LiF/Al) devices under AM 1.5 D 
illumination at 100 mW/cm'.
From Figure 7.9 it can be seen that despite a -  30 % reduction (at -500 nm) 
in the light reaching the P3HT:PCBM layer in the cell incorporating MWCNT, as 
compared to cells utilising unmodified ITO coated aluminosilicate glass, Jsc remains 
unchanged at -  4 mA/cm2. At first it was thought that a thickness difference may 
have arisen between the devices and this may have been compensating the Jsc. 
However, the thickness was measured using SEM and profilometry and found to be 
-  150 nm in all cases. This evidence suggests therefore that the loss in efficiency due
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to the 30% reduction in light entering the cell is offset by the efficient hole-extraction 
o f the interpenetrating MWCNT electrode.
There are two possible explanations for the effective increase in Jsc:
(i) It is possible that geometric electric field enhancement at the MWCNT ends 
and side walls facilitates enhanced hole-extraction.
(ii) There is an increase in the area o f the MWCNT-ITO glass composite 
electrode, as compared to planar ITO glass composite electrode, reducing the 
distance holes have to traverse prior to extraction by the electrodes.
From the TEM images in Figure 7.6, the approximate dimensions o f the 
MWCNT can be found. I f  it assumed that the MWCNT have an average radius of 10 
mn (r) and length of 100  nm (/) whilst the electrode gap is 150 mn (d), the field 
enhancement factor (ya) can be estimated from the following formula,
The electric field enhancement due to the MWCNT may be as much as four 
times the built-in electric field, which would be expected to greatly enhance the 
efficiency of hole extraction.
Again, based on the above dimensions of the MWCNT, it is estimated that 
the increase in electrode surface due to the MWCNT may be as great as twice that of 
the ITO alone. This of course is a rough estimate and depends upon the exact density 
and size o f the MWCNT, but nevertheless there is a surface increase in all cases. The 
increase in surface area would reduce the average distance holes need to travel before 
extraction to the external circuit, thereby improving the hole-extraction efficiency. 
The combination o f these two effects is likely to compensate for the 30 % loss in 
light absorption and clearly points the way to improve charge transfer efficiencies in 
future cells.
Figure 7.10 shows a schematic flat band energy level diagram of the OPV 
structure.
(7.1)
where
(7.2)
and
(7.3)
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CNT P3HT PCBM LiF/Al
Figure 7.10: Energy level diagram o f  the MWCNT/P3HT:PCBM/LiF/Al OPV.
It has previously been shown that the insertion of a thin LiF layer (< 1.5 nm) 
can improve performance in bulk-heterojunction devices by up to 20 % by increasing
17 • • •the Voc and FF . In the current context, the inclusion of a LiF layer was found to be 
essential to minimise the detrimental effects of filamentary short formation.
A number of reasons have been suggested in the literature as to why LiF 
improves the performance of conventional OPV, including:
(i) Lowering the effective cathode work function via the formation of Li/Al 
alloy.
(ii) A chemical reaction occurring at the LiF/Al interface doping the interface.
(iii) The formation of a dipole layer leading to a negative vacuum level shift, 
between the organic and Al effectively reducing the Al work function;
(iv) Reduction in the extent to which hot Al atoms penetrate the organic film 
resulting in filamentary short circuits17.
The Voc in the reference OPV is 0.53 V is in good agreement with the 
difference in electrode work functions (0.6 V). The inclusion o f MWCNT into the 
cell structure results in a very small (-0.05 V) decrease in Voc compared with cells 
utilising unmodified ITO glass. This decrease could be due to a difference in work 
function of MWCNT (-4.3 eV) from that o f the microwave plasma treated ITO glass 
(— 4.4 eV) causing a further adjustment.
OPVs fabricated with a 5 nm Ni layer on the ITO surface exhibited a large (—
0.3 V) reduction in Voc. This result is somewhat counterintuitive since Ni would be
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expected to increase Voc on account of its relatively high work function (~ 4.7 eV)18. 
However, Ishii et al. has reported that abrupt negative vacuum level shifts at metal- 
organic interfaces can modify the interfacial energy level alignment by up to 1.5 
eV 19. The illustration below (Figure 7.11) taken from reference 19 can be used to 
explain this phenomenon. When a metal and organic semiconductor are brought into 
close contact a dipole forms at the interface (right hand side of Figure 7.11).
Figure 7.11: (Left) A schematic representation o f the electronic structure o f  a metal and organic 
semiconductor before contact and (right) upon contact, illustrating the effect o f  an interfacial dipolar 
layer on the energy alignment across the junction'9.
The dipole layer may occur due to charge transfer, a redistribution of the 
surface electron cloud, or an interfacial chemical reaction19. The dipole layer formed 
is in addition to the dipole already present at the metal surface. The formation of this 
interfacial dipole modifies the potential across the interface as illustrated on the right 
hand side of Figure 7.11. The change in VL, which is determined by the strength of 
the induced dipole, alters the interfacial energy level alignment. Therefore, in the 
case where Ni is present the decrease in Voc may be attributed to an abrupt negative 
vacuum level shift at the metal-organic interface as commonly observed at the 
interface between metals and organic semiconductors19.
The FF and overall Ejj for each OPV were calculated as previously 
described in Chapter 2 and are summarised in Table 7.1 below.
Device Jsc (mA/cm2) V oc(V ) FF Eff
ITO 4.1 0.53 0.61 1.37
ITO/Ni/MWCNT 3.9 0.50 0.47 0.93
ITO/Ni 4.2 0.2 0.41 0.35
Table 7.1: Summary o f  device performance fo r the three OPV structures.
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Whilst the Voc and Jsc are comparable for OPVs containing grown MWCNT 
and bare ITO, it can be seen that the FF and Eff have been reduced in the device 
containing MWCNT. If Figure 7.9 is inspected yet further it can be seen that the 
primary cause o f this is due to a decrease in Rsh in the device containing MWCNT. 
The Rsh can be calculated from the gradient at the point where the JV  curve crosses 
the 7-axis. It is found to be -342 Q and -  661 Q for the MWCNT and ITO devices 
respectively.
The main cause of this decrease in Rsh is current leakage across and around 
the edges of the device. Upon inspection of a cleaved edge of the MWCNT coated 
ITO substrate (Figures 7.12 and 7.13) it is seen that whilst the majority o f the 
MWCNT are of uniform height, a very small minority are larger than the typical in 
height. It was also apparent in some instances that the MWCNT were bent over. 
These long MWCNT are the likely cause o f the decreased Rsh-
Figure 7.12: An SEM image o f  the cleaved edge o f a MWCNT coated ITO substrate. The white spots 
seen above the thick white band (ITO) are the catalyst particles at the tips o f  the MWCNT.
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Figure 7.13: An SEM image o f the cleaved edge o f  the MWCNT coated ITO substrate. In this image a 
tall MWCNT may be seen in the centre which may contribute to the reducing Rsh.
7.4 Summary
This chapter reports the controlled growth of MWCNT directly onto an ITO 
coated glass substrate using CVD. SEM images revealed a high density of randomly 
oriented MWCNT on the surface. Inspection by means of TEM confirmed the 
defective multi-wall nature of the graphitic structure.
Despite a 30 % reduction in the optical transparency o f the ITO coated 
aluminosilicate glass coated with the MWCNT the Jsc o f OPV utilising this electrode 
was comparable with that o f OPV using an ITO coated aluminosilicate glass 
electrode alone. The Voc of OPV employing Ni coated ITO substrates was inferior to 
the reference and MWCNT cell, and attributed to the formation of an interfacial 
dipole.
Although the Jsc and Voc were comparable the FF and Eg were smaller than 
that of the ITO alone device. This is attributed to a reduction in Rsh. SEM images 
revealed that this decrease in Rsh can be attributed to leakage through the diode 
resulting from the occasional long MWCNT.
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8. MWCNT as the cathode and electron acceptor
8.1 Introduction
This chapter reports some preliminary results relating to a prototype OPV, 
building on the work presented in the previous results chapters.
The anode in conventional OPVs is typically ITO coated glass and is the easiest 
electrode to modify as it invariably forms part of the supportive substrate. Cathodes 
on the other hand are produced from a limited selection of low work function 
materials, which are susceptible to oxidation in air and so are normally deposited 
directly onto the photoactive layer. This Chapter reports progress in the development 
of a large area cathode for OPVs with three distinct functions:
(i) The primary function is as a large area, air stable cathode capable o f 
efficiently extracting electrons close to the point o f generation.
(ii) A secondary function of this electrode is to dissociate excitons formed in the 
P3ITT phase, where it is in direct contact with the electrode, thus contributing 
to J$C'
(iii) To function as the transparent supporting substrate.
Kymakis et al. reported the use o f SWCNT dispersed within the semiconducting 
polymer poly(3-octylthiophene) (P30T) as an electron acceptor in place o f C6o- The 
proposed mechanism of photocurrent generation was exciton dissociation at the
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SWCNT/P30T interface, although the differing roles of semiconducting and metallic 
SWCNT is not made clear. It appears that the nanotubes are assumed to be metallic 
in nature . Although the photocurrent produced was small (~ 0.2 mA/cnT) the OPVs
9^4exhibited a high Voc ' ' . In Chapter 5 it was shown that the low work function of 
pristine MWCNT adversely impacted Voc when employed as part of the hole- 
extracting electrode. However, the work function of CVD grown MWCNT (~ 4.3 
eV)5 is very close to that o f Al, which is widely used as a cathode material in OPVs. 
Consequently, it was decided to explore the possibility of utilising MWCNT grown 
on ITO as the electron accepting electrode. In addition to functioning as an air stable 
large area cathode extending into the bulk heterojunction, it is envisaged that this 
electrode would also act as an electron acceptor (as in the case for SWCNT) (Figure 
8.1).
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Figure 8.1: Schematic o f proposed OPV structure.
As described in the previous results chapter, a major obstacle to CNT use in 
OPV structures is problems with electrical shorting. Attempts to use high work 
function metals such as Au (5.1 eV) and Ni (4.7 eV) proved problematic due to 
electrical shorting of the OPV. These high work function metals tend to penetrate 
into organic films much more readily than lower work function metals such as 
aluminium, which are generally used as cathode materials. The reason for this is that 
these higher work function metals are typically more massive and have a higher 
melting point. Thus arriving at the organic surface with more kinetic energy, which 
must be dissipated into the substrate.
Recent publications have reported OPVs using transition metal oxide layers 
between the high work function electrode and photoactive layer which have 
successfully improved OPV performance. One such transition metal oxide is
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vanadium oxide (V2O5), which is highly transparent and has a high work function6 7. 
The exact reason for the improvement in OPV performance is not yet fully 
understood since V2O5 is an insulator and the thickness employed (< 10 nm) is very 
much greater than that in which electrons can quantum mechanically tunnel. It is 
possible that the metal contact effectively dopes the V2O5 to render it degenerate, 
much like ITO. This may also explain the thickness dependence in using V2O5 since 
there is an optimum thickness in which metal atoms are able to penetrate into the 
V2O5 layer. In the current context, the primary function of the V2O5 layer is to protect 
the organic layer from the hot metal, thereby minimising the likelihood of electrical 
shorting7.
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Figure 8.2: Proposed energy level diagram o f OPV structure.
8.2 Experimental details
In the first instance, it was necessary to fabricate working OPVs before investigating 
the role of the MWCNT further. MWCNT were grown onto ITO coated 
aluminosilicate glass as described previously in Chapter 7. Similarly, P3HT:PCBM 
blends were spin cast at 650 r.p.m. and allowed to dry for 1 hour in a covered petri- 
dish. V2O5 purchased from Sigma Aldrich was deposited to a thickness of 10 nm by 
evaporation, followed by a 60 nm Al layer deposition without breaking the vacuum.
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Again the device area was typically 8 mm and the OPV was tested using an Oriel 
solar simulator under AM 1.5 D spectral illumination of 100 mW cm"2 (1 sun) 
immediately after device fabrication as described in Chapter 4.
8.3 Results and discussion
Figure 8.3 shows the JV  characteristics o f the OPV structure shown in Figure 8.2 
under AM 1.5 D solar illumination. Most notably the overall device performance is 
poor due to a low Rsh (indicated by the gradient of the JV response close to the j -  
axis), due to the MWCNT extending too far into the photoactive layer and/or 
shorting the electrodes.
V (Volts)
Figure 8.3: JV characteristic o f  OPV structure under illumination.
OPVs produced in the previous chapter with a 1 nm LiF buffer layer did not 
exhibit this degree of shorting. In this instance the low Voc and low Rsh indicates that 
the 10 nm V2O5 layer is insufficient to prevent penetration of Al atoms into the 
photoactive layer. Whilst the V2O5 layer was evaporated at an extremely low rate (<
0.1 nm s"1), it may be possible that the V2O5 film was not uniform.
Alternatives to V2O5 and the anode contact metal are currently being sought. 
It is thought that a thick hole transport layer such as N ,N’-Bis(3-methylphenyl)- 
NjN’-diphenylbenzidine (TPD) or PEDOT:PSS may circumvent the shorting issue.
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An advantage of using TPD is that it is a wide band gap transparent organic 
semiconductor and by controlling its thickness the OPV structure could be optimised 
to ensure maximum absorption of light in the active volume (Figure 8.4).
< = >
Light
ITO I TPD Al
MWCNT Bulk
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Figure 8.4: Schematic drawing showing the OPV structure with a TPD layer which is thickness 
tuneable that will allow the light absorption to be maximised in the bulk heterojunction volume.
Once OPV structures have been optimised, it will be necessary to perform 
photoluminescence measurements to determine the extent of quenching of excitons 
by MWCNT in the P3HT phase.
8.4 Summary
This Chapter introduced work that is currently in progress which builds on the key 
results of this thesis combined with other work in the literature. MWCNT grown 
directly onto ITO were used as the cathode whilst also acting as an electron acceptor, 
thereby contributing to the photocurrent. The device performance is limited by a low 
Rsh, which adversely impacts Voc, FF and Jsc. This is attributed to problems with the 
electron extracting electrode penetrating the photoactive layer and shorting the diode. 
However, through the judicious selection of appropriate anode materials it is 
envisaged that these problems may be overcome.
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9. Conclusions and future work
The work presented in this thesis explores the potential utility of MWCNT in 
OPVs and has produced some interesting positive results. Unlike SWCNT, MWCNT 
invariably exhibit metallic conductivity, making them a much more reliable prospect 
as a functional nanomaterial in OPVs.
MWCNT were firstly incorporated within the donor layer o f OPVs based on 
the organic heterojunction PmPV/C6o and shown to be an effective means of 
increasing the FF. The FF was increased by a factor of 1.6 for MWCNT loadings of 
only 1 wt.%, uniformly distributed within the PmPV layer. When these cells were 
annealed at relatively low temperatures (120°C) to form an interpenetrating 
heterojunction, further improvements in FF were achieved in conjunction with an 
increase in Jsc. In this context, the MWCNT function as an interpenetrating anode 
reducing cell Rs and facilitating the extraction o f positive charge carriers. However, in 
order to retain a large Voc in cells utilising MWCNT, it was necessary to increase the 
work function o f pristine MWCNT by functionalising their outer surface with polar 
surface moieties. This study has clearly demonstrated the strong potential this 
approach has to significantly increase the power conversion efficiency of bilayer 
OPVs, without complicating the process o f device fabrication.
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Since Voc was shown to be a function o f the MWCNT work function and 
previous studies have shown that acid oxidised MWCNT (o-MWCNT) have a work 
function of -  5.0 eV, it was decided to investigate if the high work function o f o- 
MWCNT would translate into an improved device performance. The host polymer 
chosen was based on polythiophene which like o-MWCNT, is water soluble enabling 
concentrated blends to be prepared.
Discrete heterojunction OPVs were fabricated using an o-MWCNT:PTEBS 
nanocomposite donor layer and C6o acceptor layer. Inclusion o f o-MWCNT within 
the PTEBS donor increased the cell FF  by -  20 %, resulting in a commensurate 
increase in efficiency. This improvement in performance resulted from a reduction in 
cell Rs. However, in this case the improvement was attributed to improved hole 
transport within the PTEBS layer since there was no evidence to suggest that the o- 
MWCNT were in direct electrical contact with the underlying ITO electrode. 
Crucially, this composite material was processed from an aqueous solution making it 
environmentally compatible with low cost fabrication techniques for large area 
devices.
The results obtained thus far had shown that MWCNT can behave as a large 
area electrode and also as an effective medium to enhance hole transport, reducing Rs. 
With this in mind, MWCNT were grown directly onto ITO coated glass using CVD to 
realise large area electrodes with high optical transparency. It was thought that with 
the MWCNT directly attached to the ITO substrate the resistance to charge transport 
across the MWCNT-ITO interface would be minimised and the function of the 
MWCNT would be unambiguous. Importantly, it was found that the MWCNT growth 
rate was much slower on ITO than on glass or silica, enabling a high degree o f control 
over nanotube dimensions. The utility o f this nanostructured electrode as efficient 
hole extracting electrode in OPV was demonstrated in a model P3HT:PCBM bulk- 
heterojunction device structure. Despite a 30 % reduction in optical transparency, Jsc 
was comparable to that of the reference, giving compelling evidence for efficient hole 
extraction. Importantly, the transparency of this electrode is highest at longer 
wavelengths, making it well matched to the solar spectrum.
The first three results chapters concentrated on modifying the anode and/or 
donor layer properties in OPVs. The final results chapter focussed on demonstrating 
the possibility of using the MWCNT electrode developed in the previous chapter as 
the cathode, thereby inverting the cell structure. It was also envisaged that in this
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context the MWCNT would dissociate excitons wherever in direct contact with the 
donor phase material. This work, which is currently in progress shows great promise 
as a future OPV structure.
The work presented in this thesis has shown that MWCNT can be incorporated 
within OPVs to improve operational performance. However, it is imperative that 
research in this area is continued and the results presented in this thesis give rise to 
several lines of enquiry for future work in order to optimise the OPV structures 
further.
The functionalisation o f MWCNT is an area that could be expanded on. In 
Chapter 5, it was shown that the MWCNT work function could be increased by 
coupling electron withdrawing moieties to the MWCNT surface. There are numerous 
other electron withdrawing moieties that could be used to tune the MWCNT work 
function, enhancing the efficiency o f bi-layer OPVs based on those in Chapter 5. 
Conversely, it may be possible to couple an electron donating moiety to the MWCNT 
surface, which would serve to reduce the work function allowing the MWCNT to 
function as a cathode.
OPVs presented in Chapter 6 were not annealed and it is therefore suggested 
that a study is undertaken to investigate the effects of annealing as this should result 
in an improvement in Jsc due to an increase in the heterojunction surface area. It 
would also be interesting to investigate other water soluble polymers to see if  similar 
effects are seen as those reported in this thesis. The inclusion of buffer layers in the 
device structure may also improve the overall device performance.
The largest area of research to continue further lies with the results presented 
in Chapters 7 and 8. OPV structures were based upon the bulk-heteroj unction concept 
and in this case blends o f P3HT and PCBM were used. One of the major problems 
associated with OPVs are the poor transport properties of the materials used. It is 
suggested therefore that with the ability to pattern substrates to allow the growth of 
MWCNT in defined areas these problems can be alleviated to some extent. For 
example, the spacing between MWCNT could be arranged so that it is 20 nm, 
therefore if  the MWCNT were efficiently acting to dissociate excitons, each exciton 
would always be within 10 nm of a MWCNT.
With an increasing tendency towards fully conformable devices on flexible 
substrates it is anticipated that the CNTs would enhance the mechanical strength of 
devices, particularly for relatively high MWCNT loadings such as those used herein.
136
